TRANSACTIONS 


AMERICAN  SOCIETY 


CIVIL    ENaiNEEES. 


(INSTITUTED   1852. 


VOL.  Lin. 

DECEMBER,      1904 


Edited  by  the  Secretary,  under  the  direction  of  the  Committee  on  Publications. 

Reprints  from  this  publication,  which  is  copyrighted,  may  be  made  on  condition  that 
the  full  title  of  Paper,  name  of  Author  and  page  reference  are  given. 


NEW  YOKE  : 

PTTBLISHED    BY    THE    SOCIETY. 
1904. 


^Q.'^D.G 


Entered  according  to  Act  of  Congress,  by  the  American  Society  of  Civil  Engineers, 
in  the  Office  of  the  Librarian  of  Congress,  at  Washington. 


Note.— This  Society  is  not  responsible,  as  a  body,  for  the  facts  and  opinions  advanced 
in  any  of  its  publications. 


CONTENTS. 


PAPERS. 

No.  P^<*E'- 

^78      THE  COLLAPSE  OF  A  BUILDING  DURING  CONSTRUCTION. 

By  H.  de  B.  Parsons 1 

Discussion  on  Paper  No.  978: 

By  Nathaniel  Roberts 10 

C.  J.  TiLDEN 13 

F.  T.  Llewellyn 15 

James  P.  Whiskeman ^'^ 

Guy  B.  Waite 21 

C.  C.  Schneider 24 

Oscar  Lowinson  26 

H.  P.  Macdonald 30 

J.  H.  O'Brien 31 

George  A.  Just 32 

,                                H.  DE  B.  Parsons 35 

^^5^79      THE  OATUN  DAM. 

O                     ByC.  D.Ward 36 

C  Discussion  on  Paper  No.  979: 

■J                      By  Charles  L.  Harrison 41 

\J980      ON  SEDIMENTATION. 

O  "^                       By  Allen  Hazen 43 

Discussion  on  Paper  No.  980: 

By  Galen  W  .  Pearsons ~2 

Robert  Spurr  Weston ''4 

s                           Georre  W.  Fuller '^" 

■*,                           Allen  Hazen 87 

«81      LAKE  CHEESMAN  DAM  AND  RESERVOIR. 

By  Charles  L.  Harrison  and  Silas  H.  Woodard 89 

Discussion  on  Paper  No.  981: 

By  Joseph  P.  Frizell 133 

^                          Burr  Bassell 137 

/                            F.  B.  Maltby 138 

^                           E.  Sherman  Gould 139 

^                            E.  W.  Harrison 144 

T                            Frank  C.  Horn 146 

.                           Charles  S.  Gowen 147 

Edward  Weomann 150 

J.  Waldo  Smith 152 

E.  Kuichling 153 

_                            R.  Shirreffs 155 

George  Y.  Wisner I'i'O 

Edwin  Duryea,  Jr 172 

G.  S.  Willlams 182 

J/                            Charles  L.  Harrison •  202 

Silas  H.  Woodard 205 


O^' 


r" 


19£7 


IV 

No.  PAGE. 

982  FILTRATION  FOR  PUBLIC  WATER  SUPPLIES,  WITH  ESPECIAL  REF- 

ERENCE TO  THE  DOUBLE  FILTRATION  PLANT  AT  BREMEN, 
GERMANY. 

By  Eugen  Goetze 210 

Discussion  on  Paper  No.  982: 

By  W.  KiERSTED 228 

Howard  W.  Underwood 229 

William  B.  Fuller 231 

George  A.  Soper 232 

T.  H.  WiGGiN 235 

Morris  Knowles 238 

Aj>len  Hazen 245 

John  H.  Gregory 250 

William  R.  Copeland 254 

L.  J.  Le  Conte 256 

J.  P.  A.  Maignen 257 

George  W.  Fuller 263 

William  B.  Bryan 265 

Rudolph  Hering 269 

983  LATERAL  EARTH  PRESSURES  AND  RELATED  PHENOMENA. 

By  E.  P.  Goodrich 272 

Discussion  on  Paper  No.  983: 

By  M.  F.  BoNZANO IMS 

V.  H.  Hewes 306 

H.  F.  Dunham 306 

Robert  Brewster  Stanton 3C>7 

Richard  Lamb 314 

E.  P.  Goodrich 317 

984  A  PHENOMENAL  LAND  SLIDE. 

By  D.  D.  Clarke 322 

Discussion  on  Paper  No.  984: 

By  George  L.  Dillman 398 

Arthur  L.  Adams 400 

James  D.  Schuyler 405 

D.  D.  Clarke 409 

985  GENERAL  METHODS    FOR  THE  CALCULATION   OF  STATICALLY  IN= 

DETERMINATE  BRIDGES,  AS  USED  IN  THE  CHECK  CALCULA- 
TIONS OF  DESIGNS  FOR  THE  MANHATTAN  BRIDGE  AND  THE 
BLACKWELL'S  ISLAND  BRIDGE,  NEW  YORK. 

By  Frank  H.  Cilley 413 

986  ADDRESS  AT  THE  THIRTY=SIXTH  ANNUAL  CONVENTION,  ST.  LOUIS, 

MO.,  OCTOBER  3d,  1904. 

By  Charles  Hermany 452 

987  SOME  NOTES  ON  THE  CREEPING  OF  RAILS. 

By  Samuel  Tobias  Wagner 466 

Discussion  on  I'aper  No.  987: 

By  GusTAv  Lindenthal 479 

W.  M.  Camp 481 

F.  S.  Stevens 485 

Hunter  McDonald 487 

P.  H.  Dudley 488 

George  Tatnall 491 

Joseph  S.  Ward 493 

Charles  Rufus  Harte 503 

Samuel  Tobl\8  Wagner 505 


MEMOIRS  OF  DECEASED   MEMBERS. 


George  Curtis  Tinoley,  M.  Am.  Soc.  C.  E. 


PAGE. 

.      510 


PLATES. 


Plate.  Paper. 

I.  Plan  and  Profile  of  the  Gatun  Dam 079 

II.  Siteof  Lake  Cheesman  Dam 981 

III.  Views  of  Lake  Cheesman  Dam  and  Reservoir 981 

IV.  Contour  Plan  of  Lake  Cheesman  Dam 981 

V.  Views  of  Lake  Cheesman  Dam  During  Construction 981 

VI.  Tunnel  Entrance  and  Valves,  Lake  Cheesman  Dam 981 

VII.  Views  of  Lake  Cheesman  Dam  During  Construction 981 

VIII.  Lake  Cheesman  Dam  Completed 981 

IX.  Six-Mile  Creek  Dam:  Site  and  Construction 981 

X.  Six-Mile  Creek  Dam:  Preparing  Foundation  and  Up-Stream  View..  981 

XI.  Six-Mile  Creek  Dam:  Sections  and  Completed  Dam 981 

XII.  Filters  at  Bremen,  Germany 982 

XIII.  Filters  and  Sand- Washer  at  Bremen.  Germany 982 

XIV.  Sand-Washer,  Pipes,    etc.,   Upper  Roxborough  Filters,  Philadel- 

phia, Pa  982 

XV.  Sand-Washing  Apparatus,  East  London  Water- Works 982 

XVL  Method  of  Determming  the  Pressure  and  Deflection  in  Sheet  Piling  983 

XVII.  Map  of  Sliding  Land,  etc. ,  Portland,  Oregon 984 

XVIII.  Views  of  Reservoirs  and  Sliding  Land  at  Portland,  Oregon 984 

XIX.  Views  of  Cable  Railway,  Sliding  Land.  etc..  at  Portland,  Oregon..  984 

XX.  Views  of  Reservoirs,  Portland,  Oregon,  Showing  Cracks  in  Walls.  984 

XXI.  Views  of  Reservoirs,  Portland,  Oregon,  Showing  Cracks  in  But- 

tresses    984 

XXII.  Map  showing  Borings  and  Shafts;  also  Cross-Sections.  Portland 

Land  Slide 984 

XXIII.  Sections  of  Borings  in  Slide,  Portland,  Oregon 984 

XXrV.       Sections  of  Borings  and  Shafts  in  Slide,  Portland,  Oregon 984 

XXV.  Diagram    Comparing    Rainfall   and  Slide   Movement,    Portland, 

Oregon 934 

XXVI.  Profiles  of  Drainage  Tunnels,  Portland,  Oregon 984 

XXVII.  Profile  of  Cable  Railway,  Portland,  Oregon 984 

XXVIII.  View  of  Sliding  Land,  Portland,  Oregon;  and  Clay  Taken  from 

Bottom  of  Shaft 984 

XXIX.  Fragments  of  Steel  from  Locomotive  Tires 987 

XXX.  Movement  of  Rails:  Atlantic  City  R.  R 987 

XXXI.  Movement  of  Rails:  New  York  Branch.  P.  &  R.  R.  R 987 

XXXII.  Movement  of  Rails:  Bethlehem  Branch,  P.  &  R.  R.  R 987 

XXXIII.  Movement    of    Rails:     Frackville    and    Mahanoy    &    Shamokin 

Branches,  P.  &  R.  R.  R 987 

XXXIV.  Movement  of  Rails:  New  Haven  Improvement,  N.  Y.,  N.  H.  &  H. 

R.  R 987 


Page. 

39 

93 

97 

99 

101 

103 

107 

147 

185 

187 

197 

215 

217 

231 
267 
281 
323 
327 
329 
337 

339 

343 
345 
849 

381 
387 
409 

411 
471 
473 
475 
477 

479 

505 


AMERICAN  SOCIETY  OF  CIVIL  ENaiNEERS. 

INSTITUTED    1852. 


TRANSACTIONS. 


Paper  No.  978. 

THE   COLLAPSE   OF   A  BUILDING  DURING 
CONSTRUCTION* 

By  H.  de  B.  Paesons,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messes.  Nathaniel  Robekts,  C.  J.  Tplden, 

F.  T.  LiiEWELiiYN,  James  P.   Whiskeman,  Guy  B.  Waite, 

C.  C.  Schneider,  Oscar  Lowinson,  H.  P.  Macdonald, 

J.  H.  O'Brien,  George  A.  Just  and 

H.  de  B.  Parsons. 


At  the  I'equest  of  some  of  the  members  of  the  Society,  the  writer 
presents  this  brief  descriiation  of  the  construction  and  collajise  of 
the  Hotel  Darlington,  with  the  object  of  bringing  out  a  discussion 
which  may  lead  to  improvement  in  the  designs  of  such  buildings. 

Construction. — The  building  was  being  erected  on  lots  known  as 
Nos.  59  and  59J  West  46th  Street,  Borough  of  Manhattan,  City  of 
New  York.  The  land  measured  about  55  ft.  in  width  by  100  ft. 
5  ins.  in  depth.  On  the  east  and  west  sides,  the  adjacent  buildings 
were  of  the  ordinary  construction  for  residences— of  brick  with  brown- 
stone  fronts,  four  stories  and  basement  in  height. 

The  Hotel  Darlington,  as  the  new  structure  was  to  be  called,  was 
being  constructed  on  the  "cage"  system,  that  is,  all  the  weight  was 
supported  on  the  columns. 

The  outside  walls  were  of  brick,  and  jiai'tly  concealed  the  exterior 
row  of  columns.  These  walls  were  continuous  from  the  foundation, 
and  did  not  rest  on  girders  at  the  floor  levels. 

*  Presented  at  the  meeting  of  May  18th,  1901. 


COLLAPSE    OF   A    BUILDING. 


The  columns  were  of  cast  iron,  with  end  flanges,  and  with  side 
brackets  and  lugs  cast  near  the  top  to  carry  the  girders.  All  the  col- 
umns were  of  rectangular  section,  generally  varying  from  9  ins. 
square  by  1  in.  thick,  in  the  basement,  to  6  ins.  square  by  f  in.  thick 
on  the  upper  floors.  Each  column 
had  top  and  bottom  flanges  cast 
only  on  the  north  and  south  sides, 
and  each  flange  had  two  bolts. 
Fig.  1  illustrates  a  typical  column. 
The  thickness  varied  with  the 
column  position  in  the  building. 
Some  of  the  9-in.  columns  in  the 
basement  were  f  in.  in  thickness. 
Pig.  2  illustrates  a  typical  column 
foundation. 

The  girders  and  floor  beams 
were  of  steel.  The  girders,  gener- 
ally, ran  east  and  west  across  the 
building.  They  were  supported 
on  the  brackets  cast  on  the  col- 
umns, and  were  bolted  to  the  lugs 
with  two  bolts  at  each  end.  The 
beams,  generally,  ran  north  and 
south,  and  were  bolted  to  the  gir- 
ders by  double-clip  angles  with 
two  or  three  bolts  through  each 
leg  of  the  angles.  The  floor  mem- 
bers were  all  of  rolled  sections — 
I's  and  channels — and  many  were 
marked  "  Phcenix  and  "Car- 
negie. "  Fig.  3  illustrates  a  typical 
floor  plan  and  shows  the  location 
of  the  columns. 

The  floor  arches  were  of  cinder  concrete,  laid  up  on  the  Koebling- 
system.  The  spans  were  variable,  averaging  from  4  ft.  6  ins.  to  more 
than  5  ft.  The  thickness  of  the  arches  could  not  be  determined,  as  all 
of  them  were  destroyed. 

The  building  was  to  have  been  twelve  stories  and  a  basement  in 
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Fig.  1. 
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height,  with  a  penthouse,  or  one-story  structure,  partly  covering  the 
roof.  Each  floor  -was  lettered,  and  the  columns  on  the  same  floor  va- 
ried in  size.     Table  1  is  a  specimen  schedule. 

TABLE  1. 


Letter. 

COLUBirN. 

Height. 

Floor. 

Side. 

Thickness. 

Basement 

A 
B 
C 
D 
E 
F 
G 
H 
J 
K 
L 
M 
N 

9  ins. 
9  " 

8  " 
8  " 

I  " 
7   " 

6   " 

6   " 

6   " 

6   " 

6   " 

0   " 

6   " 

1  in. 

|:; 
I" 

10  ft.    6  ins. 

Qround  Floor 

14  "     6    " 

2d              "     

10  "    10    " 

3d              "     

10  "    10    " 

4th            "     

10  "   10    "■ 

5th             "     

10  "   10    "■ 

6th             '•     

10  "    10    '' 

7th             "     

10  •'    10    '^ 

8th            "     

10  '•    10    '" 

9th             "     

10  "    10    "• 

10th             '•     

10  "    10    '-' 

nth             "     

10  "    10    " 

12th             "     

10  "    10    " 

144  ft.    2  ins. 

The  construction  had  progressed  until  the  metal  work  for  the  ninth 
floor  had  been  erected  complete,  and  some  of  the  work  for  the  tenth 
and  eleventh  floors  was  in  place.  The  structure  collapsed  at  about 
l.BO  p.  M.,  on  Wednesday,  March  2d,  1904. 

Ohsei-vations  on  the  Wreckage. — On  collapsing,  the  building  fell 
downward  with  a  leaning  to  the  north,  that  is,  toward  the  rear.  As 
viewed  from  a  sixth-story  window  in  the  Hotel  Patterson,  situated 
immediately  in  the  rear,  on  47th  Street,  the  "center  of  fall,"  toward 
which  all  the  various  members  pointed,  more  or  less,  was  a  little  to 
the  west  of  the  center  line  of  the  building  and  a  little  to  the  north  of 
a  line  drawn  between  the  rear  walls  of  the  adjacent  buildings,  Nos.  57 
and  61  West  46th  Street.  Practically  all  the  material  fell  inward,  ex- 
cept a  relatively  small  amount,  which  fell  over  the  rear  wall  against 
and  into  the  Hotel  Patterson. 

The  columns  in  the  outer  walls  broke  off,  with  apjjroximate  uni- 
formity, between  the  second  and  third  floors,  although  the  floor  sys- 
tems of  the  stories  below,  and  the  interior  columns  (except  some  in 
the  basement)  were  carried  away,  leaving  the  outer  columns  standing, 
from  their  foundations  to  the  points  of  rupture.     See  Fig.  4. 


4  COLLAPSE    OF    A    BUILDING. 

The  columns  were  measured  with  calipers  aud  showed  a  fair  uui- 
formity  as  to  thickness  of  metal  on  opposite  sides.  The  variation  was 
about  J  in.  or  less. 

In  the  great  majority  of  cases  the  columns  broke  at  the  flanges, 
leaving  one  or  both  of  the  broken  flanges  bolted  to  the  corresijonding 


COLUMN   FOUNDATION 
Scale  of  feet 


Fig.  2. 


flange  of  the  adjacent  story  column.  A  few  of  the  columns  were 
broken  at  or  near  the  center. 

There  were  no  ribs  cast  on,  to  stiffen  the  flanges. 

The  column  ends  were  faced.  No  shims  were  found  between  the 
ends  of  the  columns. 

The  holes  in  the  column  flanges  were  drilled,  Ig  and  -}  in.  in  diam- 
eter.    The  bolts  were  J  in.,  and  some  were  loose.     The  holes  in  the 
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lugs  for  the  girders  were  cast,  and  were  about  I  in.  in  diameter.  The 
holes  in  the  girders  were  about  I  in.  in  diameter.  The  bolts  were 
f-in. 

The  fractures  in  the  body  of  the  cast-iron  columns  exhibited  fairly 
good  metal.  The  fractures  at  the  flanges  exhibited  blow-holes  and 
honey-combing  in  many  instances.  About  15"o  of  the  flanges  were 
honey-combed,  about  25^^  were  defective,  and  about  60^  were  fair  to 
good.  The  defects  did  not  show  on  the  exterior  surfaces.  The  flanges 
varied  from  1  in.  to  IJ  ins.  in  thickness. 

The  rolled-steel  members  of  the  floor  systems  were  twisted.  The 
steel  gave  evidence  of  being  good  material,  and  the  bolts  held  well. 
A  number  of  pieces — L's  and  channels — were  taken  from  the  debris, 
which,  from  the  appearance  of  the  bolt-holes,  had  never  been  erected. 
Such  i^ieces  were  marked  for  use  on  the  10th,  11th  and  12th  floors. 
They  were  found  chiefly  on  top  of  the  ruins  and  near  the  rear.  On 
March  6th  about  twenty-two  unerected  pieces  were  taken  out  during 
the  morning.  The  weight  of  this  unerected  material  was  between  two 
and  three  tons.  Also,  a  broken  piece  of  an  llth-story  column  {31  32), 
which  had  been  erected,  was  taken  out  with  them. 

The  concrete  from  the  floor  arches  was  broken,  and  few  lumps 
larger  than  12  by  12  ins.  were  found. 

The  foundations  under  the  exterior  and  interior  columns  were 
found  true  and  level.  The  cast-iron  shoes  under  the  columns  were  in 
place  and  iinbroken.  The  soil  under  the  column  foundations  was 
clay  in  every  instance  where  dug  up,  both  at  the  front  and  back  of 
the  lot.  The  foundations  had  an  area  of  about  10  ft.  square,  or  amply 
sufficient  to  have  sustained  the  load  intended. 

Three  hoisting  engines  and  boilers  were  dug  out  of  the  debris  com- 
paratively slightly  injured.     Their  boilers  were  intact. 

All  members  were  bolted.  Rivets  were  not  used.  There  were  no 
diagonal  braces,  corner  braces,  or  any  special  means  used  to  provide 
lateral  stiffness  against  wind  or  side  pressure.  The  columns  were 
held  in  their  vertical  positions  by  the  floor  systems  resting  on  the 
bearing  brackets. 

Cause  of  Fall. — The  bolts  fastening  the  girders  and  beams  against 
the  column  lugs  were  of  smaller  diameter  than  the  holes,  so  that  the 
columns  received  little  or  no  lateral  support.  The  column  lengths 
were  bolted  together  at  toji  and  bottom,  and  acted  as  continuous  col- 
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limns.  All  the  loads  were  eccentrically  supported  on  the  side  brackets. 
The  cohimns  were  too  long  to  carry  the  superimposed  weight.  One 
■column  situated  at  or  near  the  "  center  of  fall  "  (previously  described) 
broke.     The  upper  part  of  this  column,  being  deprived  of  its  support, 
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BASEMENT  COLUMN   PLAN  OF  BUILDING 
Fig.  4. 


fell  and  pulled  with  it  the  floor  members  bolted  to  it.  Each  of  these 
floor  members  pulled  over  the  adjacent  columus  to  which  the  other 
ends  were  attached;  and  these  columns,  having  no  lateral  support, 
Tsroke  at  the  lower  flange,  as  the  pull  had  a  lever  arm  of  about  10  ft., 
or  the  length  of  the  column.     The  above-described  action  and  reaction 
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of  the  stresses  affected  only  those  portions  of  the  structure  above  th& 
level  of  the  original  fracture. 

In  falling,  the  mass  of  material  from  above  crushed  down  and 
broke  that  part  of  the  structure  below  the  level  of  the  original 
fracture. 


VERTICAL  SECTION  ILLUSTRATING  METHOD  OF  COLLAPSE 
Fig.  5. 

The  exterior  columns  did  not  break  off  as  low  down  as  the  interior 
columns,  because  the  mass  fell  away  and  did  not  crush  them  as  it 
crushed  the  interior  ones.  The  uniformity  in  height  at  which  the- 
exterior  columns  broke  indicates  strongly  that  the  primary  fracture- 
occurred  at  or  about  the  level  of  the  fourth  floor. 
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Ah  proof  tbat  the  top  fell  into  ami  toward  the  "center  of  fall, 
before  the  lower  part  of  the  structure  collapsed,  columns  G  11  and 
K  11  were  takeii  out  of  the  debris  near  the  "  center  of  fall  "  aud  from 
beneath  other  members  which  originally  were  connected  at  jjoints 
lower  down  in  the  building.  Near  the  same  spot,  column  D  36  was 
found  standing  in  a  nearly  upright  position.  Of  these  cohimns,  the 
first  was  broken  at  the  center,  and  the  other  two  at  the  flanges. 

Furthermore,  as  more  of  the  structure  was  south  of  the  "center  of 
fall  "  than  north  of  it,  the  northern  or  rear  portion  was  forced  out- 
ward against  the  Hotel  Patterson.  This  action  is  illustrated  in 
Fig.  5. 

As  proof  that  the  original  break  did  not  occur  on  the  uppermost 
story,  the  unerected  material  and  the  derrick  mast  and  boom  were 
found  on  top  of  the  mass  of  debris. 

The  structure  collapsed  because  of  lack  of  lateral  support  for  the 
story  columns,  permitting  them  to  act  as  continuous  columns  having- 
a  ratio  of  length  to  least  radius  of  gyration  in  excess  of  the  known 
limits  for  safety. 


10  DISCUSSION    ON    COLLAPSE    OF    A    BUILDING. 

DISCUSSION. 


Mr.  Roberts.  NATHANIEL  RoBEKTS,  M.  Am.  Soc.  C.  E.  (by  letter).  — Mr.  Parsons' 
paper  should  lead  to  some  very  interesting  discussions  on  building 
construction  in  general  and  the  use  of  cast-iron  columns  and  details 
for  high  buildings,  and  be  productive  of  good  to  engineers  and  the 
public  at  large. 

When  iron  construction  of  buildings  was  in  its  infancy,  and  build- 
ings, usually,  did  not  exceed  si\  stories  in  height,  and  were  very  sel- 
dom of  fire-proof  construction,  cast-iron  columns'  were  permissible. 
Their  cost,  compared  with  riveted  columns,  was  greatly  in  their  fa- 
vor; also,  the  facility  with  which  they  were  obtained  and  their  ability 
to  withstand  fire  without  collapse,  added  to  the  large  factor  of  safety 
in  use  twenty-five  years  ago  (a  factor  of  safety  of  8  instead  of  6,  as 
at  the  present  time),  gave  a  safe  construction. 

In  the  early  Seventies,  the  writer  designed  a  large  woolen  mill  in 
the  West  of  England,  the  roof  and  floors  of  "slow-burning"  con- 
struction, supported  by  cast-iron  columns.  After  being  in  ojieration 
for  several  years,  and  the  floors  being  saturated  with  oil,  the  mill 
caught  fire  in  the  upper  story  and  burned  downward  like  a  torch. 
The  3  in.  flooring  was  entirely  destroyed,  the  6  by  12-in.  joists  and 
the  10  by  16-in.  oak  girders  were  charred  through,  the  several  lines 
of  heavy  wrought-iron  shafting  were  twisted  and  bent  into  various 
serpentine  shapes,  but  the  cast-iron  columns,  although  subjected  to  a 
prolonged  white  heat  and  to  streams  of  water  from  the  fire  engines, 
which  caused  most  of  them  to  crack  from  top  to  bottom,  remained 
in  place  and  prevented  the  collapse  of  the  building,  thereby  saving 
the  lives  of  scores  of  men  who  were  engaged  in  removing  goods  from 
the  lower  floors. 

The  New  York  City  building  law  requires  that  all  wall  columns, 
whether  of  steel  or  cast  iron,  shall  be  jjrotected  by 

"A  casing  of  brickwork  not  less  than  8  ins.  in  thickness  on  the 
outer  surfaces,  nor  less  than  4  ins.  in  thickness  on  the  inner  surfaces, 
and  all  bonded  into  the  brickwork  of  the  enclosure  walls." 

Also,  all  interior  columns, 

"Used  to  support  any  fire-proof  floor,  shall  be  i^rotected  with  not 
less  than  2  ins.  of  tire-proof  material,  securely  ajiplied,"  but,  "the 
■extreme  outer  edge  of  lugs,  brackets  and  similar  supporting  metal 
may  project  to  within  |  in.  of  the  surface  of  the  fire-proofing." 

It  is  a  well-known  fact,  however,  that  many  of  the  so-called  fire- 
proofing  coverings  in  use  are  fire-proof  in  name  only,  as  was  shown  by 
collapsed  steel  columns  in  the  fires  at  Pittsburg  and  Baltimore. 

The  writer  is  not  an  advocate  of  the  use  of  cast-iron  columns  in 
^'tall"  buildings,  or  even  in  buildings, of  moderate  height,   if  sub- 
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jected  to  bendiug  strains   caused  by  wiud  oi-  eccentric  loading,  but  Mr.  Roberts, 
believes  that  no  one  -nill  dispute  the  fact  that  cast  iron  columns  of 
tough,  gray  iron,  free  from  injurious  cold-shuts  or  blow-holes,  will 
withstand  the  combined  action  of  tire  and  water  without  collapse, 
while  steel  columns  will  not. 

The  writer  has  no  desire  to  criticise  this  paper,  but  wishes  the  au- 
thor had  gone  into  detail  a  little  more,  as  it  seems  to  be  too  general. 

Mr.  Parsons  states  that  the  building  was  constructed  on  the  "  cage  " 
system,  that  is,  all  the  weight  was  supported  on  the  columns.  Then 
he  says,  the  "  walls  were  continuous  from  the  foundation,  and  did  not 
rest  on  girders  at  the  floor  levels."  In  Fig.  3,  however,  twelve  bays 
have  wall  girders  for  "skeleton  construction,"  while  the  other  outside 
bays  are  shown  as  being  of  "curtain-wall  construction." 

Mr.  Parsons  fails  to  give  any  data  resi^ecting  the  floor  loads  used 
in  designing,  and,  although  he  gives  a  specimen  column  schedule  in 
Table  1,  he  does  not  locate  the  position  of  the  column  in  the  building, 
to  enable  anyone  to  check  the  sections;  and  the  detail  of  the  8-in. 
column,  shown  in  Fig.  1,  does  not  refer  to  one  of  the  columns  given 
in  the  specimen  schedule,  but  appears  to  be  either  Columns  29,  30, 
35  or  36,  at  about  the  4th  story. 

He  also  states:  "All  the  loads  were  eccentrically  sui)ported  on 
the  side  brackets,"  while  a  reference  to  the  plan.  Fig.  3,  shows  that 
the  interior  columns  and  quite  a  few  of  the  wall  columns  have  very 
little  eccentric  loading. 

He  also  states  that  the  holes  in  the  girders  were  about  |  in.  in  di- 
ameter, and  that  the  bolts  were  f  in.  It  is  to  be  regretted  that  the 
exact  size  of  the  holes  was  not  given.  The  standard  size  for  punched 
holes  for  |-in.  bolts  is  jf  in.  on  the  punch  side  and  i  in.  on  the  die 
side,  although  some  contractors,  to  facilitate  erection  and  cover  care- 
less workmanship,  use  a  ^-in.  punch  for  f-in.  bolts,  viz.,  y|  in.  on  the 
launch  side  and  1  in.  on  the  die  side. 

By  reference  to  Fig.  3,  it  will  be  seen  that  Columns  31  and  37  are 
stayed  in  one  direction  only,  the  nearest  beam  in  the* other  direction 
being  at  a  distance  of  1  ft.  \)^  ins.  from  the  center  of  the  column. 

Fig.  3  is  a  typical  plan  of  floor  beams  for  the  3d  to  the  8th  floors, 
inclusive.  Engineering  Heirs  of  March  10th,  1904,  gave  a  plan  of  the 
same  floors,  and  stated  that  "the  9th  to  12th  floors  and  the  pent- 
house floor  are  similar  in  arrangement  to  that  shown,  but  their  fram- 
ing is  somewhat  lighter,"  and  "the  1st  and  2d  floors,  due  to  the 
addition  of  framing  for  the  light-coui-ts,  are  difi'erent  in  arrangement 
from  the  tiers  above,  and  the  1st  floor  is  heavier."  The  floor  loads  are 
also  given  as  00  lbs.  live  load  and  60  lbs.  dead  load  per  square  foot. 

The  floor  construction  is  specified  as  the  Roebling,  flat,  reinforced- 
concrete  type  (System  B,  Style  4),  the  fire-proof  partitions  being 
•carried  by  the  floor  system. 
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Mr.  Roberts.  The  thickness  of  the  floors  is  given  as  13  ins.  from  finished  ceiling: 
to  finished  floor  surface.  This  construction  will  weigh  not  less  than 
65  lbs.  per  square  foot  in  addition  to  the  weight  of  the  fire-proof  par- 
titions; but  the  floor  beams  shown  have  been  designed  for  a  gross  load 
of  120  lbs.  i^er  square  foot  of  floor. 

Engineering  News  also  gives  a  schedule  of  sizes  for  Columns  30  and 
31,  and  loads  on  Column  31,  but  it  is  to  be  regretted  that  enough  data 
are  not  given  to  check  some  of  the  wall  columns  under  eccentric  loads, 
say  Column  2,  which  is  subjected  to  a  bending  moment  at  each  tier 
due  to  an  eccentric  load  of  11  400  lbs.  To  withstand  this  bending 
moment  requires  an  increase  in  metal  area  in  the  upper  columns 
equivalent  to  an  added  load  of  about  3()  000  ll)s.  in  addition  to  the 
actual  load  itself;  while  Column  1,  with  an  eccentric  load  at  each  tier 
of  only  5  600  lbs.,  requires  an  increase  in  metal  area  in  the  upper 
columns  equivalent  to  an  added  load  of  about  32  000  lbs.  in  addition 
to  the  actual  load  itself. 

In  regard  to  the  failure  of  the  structure,  the  writer  believes  there 
were  several  contributing  circumstances,  viz.: 

1st. — The  columns  should  have  been  designed  for  bending  due  to 
eccentric  loading,  necessitating  steel  columns,  as  no  dependence  can 
be  placed  upon  a  column  to  resist  bending  when  it  may  be  full  of 
concealed  blow-holes. 

2d. — The  absence  of  bracing  for  wind  strains,  and  the  torsion  on 
the  structure  caused  by  derricks,  during  the  hoisting  of  material. 

3d. — The  overloading  of  the  upper  stories  by  building  material 
may  have  had  some  effect;  but,  from  information  thus  far  obtainable, 
the  writer  believes  that  torsional  strains  produced  by  derricks  caused 
the  collapse. 

Only  a  few  months  ago  the  writer  had  his  attention  called  to  a 
building  in  course  of  erection  in  New  York  City,  where  steel  columns 
in  two-story  lengths  were  used,  the  erector  had  the  guy-lines  for  the 
derricks  secured  to  the  tops  of  the  columns  at  least  10  ft.  above  any 
floor  beams  erected,  and  the  erector  was  surprised  (he  ought  not  to- 
have  been)  to  find  that  some  of  the  columns  had  a  decided  twist  in 
them,  and  in  some  cases  were  more  than  5  ins.  out  of  plumb. 

During  the  past  fourteen  years  the  writer  has  designed  more  thait 
thirty  steel  buildings  in  New  York  City,  ranging  from  twelve  to  thirty- 
stories  in  height,  besides  many  smaller  buildings,  and  has  found  that, 
although  there  are  some  architects  who  realize  the  necessity  of 
employing  engineers  to  assist  them  in  designing  any  but  the  simplest 
of  steel  constructions,  the  great  majority  of  architects  will,  with  the 
aid  of  a  rolling-mill  handbook  and  the  free  services  of  a  contractor's 
"iron-man,"  concoct  a  "  design  "  that  Providence  sometimes  allows  to 
be  erected  without  accident. 

In  conclusion:   Mr.   Parsons  states  that  some  of  the  beams  and 
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channels  "were  marked  "Phosnix"  and  some  "Carnegie."     Why  were  Mr.  Roberts, 
not  some  "  Pencoyd  "  beams  used,  also?    For  is  it  not  Avritten,  "a 
three-fold  cord  is  not  easily  broken." 

C.  J.  TiLDEN,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  is  Mr.  Tiiden. 
strongly  opposed  to  the  use  of  cast  iron  as  ])art  of  the  framework  in 
skeleton  building  construction.  The  principal  objections  are  its  gen- 
eral unreliability  as  compared  with  steel,  and  the  apparent  impossibil- 
ity of  designing  satisfactory  details  for  beam  and  girder  connections, 
column  joints,  etc.  The  Hotel  Darlington  disaster,  however,  certainly 
does  not  prove  anything  against  cast  iron,  ^jer  se,  as  a  structural 
material;  indeed,  the  cohimns  seem  to  have  acted  remarkably  well 
under  the  severe  conditions  imposed  upon  them  from  lack  of  lateral 
sui^port  and  general  bad  design. 

The  author  makes  note  of  the  fact  that  each  column  length  had 
top  and  bottom  flanges  cast  only  on  the  north  and  south  sides,  thereby 
giving  the  column  no  stiffness  in  an  east  and  west  direction,  except 
that  derived  from  the  floor  girders  framing  into  the  column  near  the 
top.  The  value  of  this  stiftening  may  be  seen  by  reference  to  Fig.  6. 
At  A  is  shown  one  length  of  column,  drawn  to  scale,  and  at  B  is  an 
enlarged  detail  of  the  lug  to  which  the  floor  girder  was  bolted. 
(This  sketch  applies  to  the  columns  numbered  7  or  15  in  Fig.  3, 
showing  a  typical  jjlan  of  the  floor  framing.)  The  bolts  used  were 
f  in.  in  diameter,  and  the 
holes  in  the  lug  and  gir-  _>|--|<.About  3  inches 

der  web  were  |  in.  As- 
suming,  when  the  column 
is  vertical,  that  the  bolts 
are  concentric  with  the 
bolt  holes,  as  shown  by 
the  heavy  lines  of  Sketch 
B,  Fig.  6,  a  horizontal 
thrust  against  the  end  of 
the  girder  would  tilt  the 
whole  column  east  or 
west  iintil  the  axis  of  the 
bolt  holes,  shown  at  x  x 
in  normal  position,  as- 
sumed the  position,  x'x', 
the  bolts  in  this  position 
bearing  against  the  bolt 
holes  on  ojiposite  sides, 
as  at  3/  M.  A  movement 
of  this  kind  and  amount 
would  be  resisted  only 
by   the    friction    due   to  Fig.  6. 
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Mr.  TiUlen  tightly  set-iip  bolts,  and  it  is  admitted  that  in  most  cases  these  were 
loose.  The  effect  of  such  motion  on  the  column  is  shown  in  Sketch 
A,  Fig.  6.  In  one  story  length  the  column  could  readily  be  moved  3 
ins.  out  of  plumb.  Such  a  condition  of  affairs  could  hardly  have 
existed  if  steel  instead  of  cast-iron  columns  had  been  used  in  the 
framing. 

Referring  again  to  Fig.  3,  it  is  seen  that  the  foregoing  reasoning 
would  ai)ply  to  the  two  rows  of  columns  numbered  7,  31,  30,  29, 
28;  and  15,  37,  36,  35  and  22.  That  is,  practically  the  whole  frame- 
work could  be  tilted  east  or  west  until  it  was  out  of  plumb  by  an  amount 
equal  to  3  ins.  for  each  story  length.  As  a  matter  of  fact,  it  was 
brought  out  in  the  testimony  before  the  coroner's  jury  that,  a  week  or 
two  before  the  collapse,  the  structure  (then  about  seven  or  eight 
stories  high)  was  out  of  plumb  by  an  amount  variously  estimated  at 
from  6  ins.  to  2  ft.  This  error  was  corrected  by  rope  tackle  used  to 
jack  the  leaning  framework  back  into  place.  The  dii'ection  of  this 
inclination  is  not  mentioned  in  the  press  reports,  so  that  it  cannot  be 
stated  definitely  whether  or  not  the  trouble  was  due  directly  to  the 
cause  just  cited.  The  diagram  shows  rather  strikingly,  however,  the 
utter  flimsiness  of  the  whole  structure,  and  it  is  easy  to  credit  the 
further  testimony  of  witnesses  before  the  coroner  that  on  various 
occasions  the  building  swayed  noticeably.*  It  is  perhaps  hardly 
necessary  to  speak  of  the  severe  shearing  stress  to  which  the  bolts 
would  be  subjected  by  any  distortion  of  the  nature  and  amount  indi- 
cated. 

One  direct  violation  of  the  building  law  may  be  noted.  The  statutef 
reads: 

"The  top  and  bottom  flanges,  seats  and  lugs  (of  cast-iron  columns) 
shall  be  of  ample  strength,  reinforced  by  fillets  and  brackets;  they 
shall  be  not  less  than  1  in    in  thickness  when  finished." 

The  flanges  of  columns  in  the  Darlington  were  not  reinforced  in  any 
way,  and  the  fact  that  nearly  every  column  broke  in  the  flanges  indi- 
cates how  serious  a  defect  this  was.  At  the  inqiiest  the  foreman  of 
the  iron  workers  testified  that  the  Building  Department  had  ordered 
him  on  several  difterent  occasions  to  stop  work  on  the  iron  frame,  and 
that  in  each  case  the  owner  had  told  him  to  go  ahead  regardless  of 
these  orders.  J 

The  real  trouble,  therefore,  would  seem  to  be  the  lack  of  a  suffi- 
ciently severe  penalty  for  violation  of  the  Imilding  code,  and  the  sub- 
ject would  seem  to  be  one  for  discussion  by  law  makers  rather  than 
engineers.  In  relation  to  this,  it  may  not  be  amiss  to  mention  the 
recent  discovery  by  an  archaeologist  of  the  building  laws  which  were 
in  force  during  the  reign  of   Hammurabi,  King  of  Babylon,   about 

*  Engineering  Nevs,  JIarch  24th,  1904,  p.  381. 
t  Building  Code,  Part  XXII,  Section  112. 
t  Id.  loc.  cit. 
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2250  B.  C.     The  records*  of  this  wise  and  just  monarcli  have  been  Mr.  TildeD. 
deciphered,  and,  among  other  ordinances,  the  one  numbered  CCXXIX 
reads: 

"If  a  buihlcr  build  a  house  and  has  not  made  his  work  strong,  and 
the  house  has  fallen  in  and  killed  the  ow  ner  of  the  house,  then  that 
builder  shall  be  put  to  death." 

Further  ordinances  provide  that  the  builder's  son  shall  suffer  death, 
if  through  his  father's  negligence  the  son  of  the  householder  is  killed, 
and  so  on,  in  strict  conformity  with  the  Mosaic  doctrine  of  "an  eye 
for  an  eye,"  through  the  various  members  of  the  household.  This  bit 
of  legal  history  is  respectfully  submitted  to  the  law  makers  of  Greater 
New  York  as  worthy  of  the  careful  and  reverent  consideration  to 
which  more  than  four  thousand  years  of  "precedent"  would  seem  to 
entitle  it. 

F.  T.  LlewelIjYN,  Assoc.  M.  Am.  Soc.  C.  E. — Upon  reading  Mr.  Mr.  Llewellyn. 
Parsons'  description  of  the  collai:)se  of  the  Darlington  Building,  and 
recalling  the  other  detailed  articles  which  have  apjieared  in  the  tech- 
nical journals,  it  is  evident  that  this  disaster  was  caused  by  the  ineffi- 
ciency of  the  columns,  as  stated  in  the  author's  concluding  paragraph; 
and  it  is  of  interest  to  inquire  if  the  Darlington  was  an  isolated  case 
of  this  kind.  The  writer  has  looked  up  all  the  kindred  instances  of 
similar  disasters  of  which  any  record  was  available,  and  gives  a  short 
summary  thereof,  with  his  sources  of  information,  so  as  to  see  what 
common  factor,  if  any,  there  may  be. 

The  earliest  reference  found  is  in  an  addressf  gi^'enby  C.  T.  Purdy, 
M.  Am.  Soc.  C.  E.,  before  the  Boston  Society  of  Civil  Engineers, 
wherein  he  says: 

"  The  days  in  which  cast  iron  columns  will  be  used  in  the  con- 
struction of  high  buildings  are  fast  being  numbered.  It  would  hardly 
seem  necessary  to  compare  them  with  steel  columns  before  an  audi- 
ence of  Jsew  England  men,  if  we  will  but  recall  the  Pemberton  mill 
di.saster  with  its  frightful  loss  of  life." 

The  writer  has  not  been  able  to  secure  any  data  regarding  this  dis- 
aster, and  would  be  glad  to  learn  the  details. 

In  Engineering  News  of  May  24th,  1894,  is  described  the  distortion 
by  wind  of  the  nearly  constructed  building  at  No.  14  Maiden  Lane, 
New  York  City,  due  to  the  loosely  bolted  connections  of  the  cast-iron 
columns,  although  in  this  case  they  were  much  better  than  usual,  and 
the  framework  was  subsequently  pulled  back. 

In  Engineering  News  of  December  6th,  1894,  is  given  a  short 
account  of  the  failure  of  the  five-story  building,  belonging  to  the 
Montreal  Street  Railway,  which  also  had  cast  columns,  and  which, 
apparently,  gave  way  after  completion  by  the  crushing  of  a  wall. 

*  Editorial,  Amevican  Architect  and  Building  News,  March  26th,  1904. 
+  Journal  of  the  Association  of  Engineering  Societies,  March,  1895. 
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Mr.  Llewellyn.  Eegarding  the  coilaiise  of  the  nearly  finished  Ireland  Building  on 
West  Broadway  and  Third  Street,  New  York  City,  Engineering  Heics  of 
August  15th,  1895,  says:  "  The  prime  cause  of  the  accident  appears  to 
us  to  have  been  the  weakness  of  the  cast-iron  columns."  In  a  later 
issue,  August  29th,  additional  evidence  seemed  to  show  that  faulty  foun- 
dations were  the  primary  cause. 

Commenting  on  the  failure  of  the  Brown  Soap  Factory  building,  on 
Twelfth  Avenue,  between  Fifty-first  and  Fifty-second  Streets,  New 
York  City,  T//e  Engbieering  Record  of  June  12th,  1897,  after  criticising 
in  detail  the  cast-column  construction,  says:  "  Cast-iron  columns  are 
a  source  of  great  danger  wherever  they  are  used,  as  we  have  frequently 
shown,  and  no  safety  factor  can  remove  that  danger."  And  Engineer- 
ing News  of  June  17th,  1897,  concludes  an  exhaustive  review  of  the 
same  structure  with  the  following: 

"  Since  the  failure  of  the  Ashtabula  Bridge,  twenty  years  ago,  no 
bridge  engineer  has  dared  to  risk  the  safety  of  a  bridge  upon  the  lug 
of  a  cast-iron  column.  Will  it  require  a  disaster  of  similar  extent  to 
awaken  engineers  and  architects  to  their  fatuity  in  continuing  the 
use  of  such  cast-iron  columns  with  all  their  hidden  defects  and  their 
eccentrically  loaded  lugs  in  buildings  the  failure  of  which  may  cause 
the  loss  of  hiindreds  of  lives'?" 

The  collapse  of  the  Darlington  Building,  in  which  the  columns 
were  cast  iron,  is  added  to  complete  the  list. 

It  is  noted,  of  course,  in  each  of  the  cases  cited  that  cast-iron  col- 
umns were  used  in  every  instance.  After  a  search  through  all  the 
accessible  records,  the  writer  has  been  unable  to  find  any  case  of 
failure  through  the  use  of  steel  columns,  and  if  such  exists  he  would 
apisreciate  a  description  of  the  details.  Although  some  of  these  failures 
were  probably  induced  by  other  causes,  many  of  them  seem  to  have 
resulted  directly  from  defective  cast  columns,  and  in  all  cases  the  col- 
lapse was  intensified  by  their  lack  of  stiffness.  It  may  be  of  interest, 
therefore,  to  summarize  briefly  the  properties  of  cast  iron  as  used  in 
the  columns  of  high  buildings,  passing  over  the  uncertainty  regard- 
ing hidden  internal  defects  in  their  pouring  and  cooling  as  sufficiently 
well  known,  and  assuming  their  manufacture  and  details  to  be  uj)  to 
the  standard. 

1. — It  is  impracticable  to  connect  a  cast-iron  column  with  the  ones 
immediately  above  or  below  it  by  any  kind  of  splice  joint  which  will 
preserve  their  continuity,  as,  on  account  of  the  danger  of  cracking 
the  castings  by  riveting,  the  flanges  must  be  bolted,  and,  almost  inva- 
riably, the  bolts  are  a  loose  fit.  Also,  the  weakness  under  tension  of 
the  cast  flanges  (which  it  is  very  hard  to  pour  sound)  makes  them  a 
jjoor  medium  to  transmit  the  pull  of  the  bolts.  Hence  a  stack  of  cast 
columns  is  little  more  than  a  lot  of  those  toy  wooden  pillars  we  used 
to  pile  end  on  end  when  we  were  children. 

2. — This  instability  could  be  decreased  if  each  story  column  were 
braced  by  a  rigid  connection  with  the  horizontal  gii-ders  and  beams. 
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but,  again,  the  impracticability  of  rivetiug  and  the  tensile  weakness  of  Mr.  Llewellyn, 
the  cast  lugs  result  in  a  loose  joint,  which  leaves  the  effective  unbraced 
length  of  the  columns  the  full  height  of  the  building  instead  of  story 
lengths,  and  throws  out  the  usual  formulas  of  strength. 

3. — The  best  specifications  require  the  projecting  brackets  to  be 
given  a  slight  slope  downward,  in  order  to  throw  the  load  of  the  sup- 
ported beams  as  close  as  possible  to  the  column  and  relieve  the 
tension  on  the  cast  shelves,  but,  in  ordinary  foundry  practice,  the 
accuracy  of  this  slope  cannot  be  ensured.  Neither  does  it  seem  desira- 
ble to  reinforce  the  column  at  the  brackets  by  an  internal  diaphragm, 
for,  apart  from  the  additional  expense  in  the  moulding,  there  would 
arise  such  imeven  cooling  stresses  as  would  weaken,  rather  than 
strengthen,  that  place. 

In  a  word,  cast  iron  has  jiroved  itself  to  be  a  dangerous  material 
for  use  in  the  columns  of  high  buildings,  and  the  Darlington  disaster, 
as  reported  by  Mr.  Parsons,  is  merely  one  more  object  lesson.  Can 
we  afford  to  look  with  unconcern  upon  such  construction  for  those 
members  upon  which  depend  the  entire  strength  of  our  buildings  and 
the  safety  of  much  life  and  propei'ty?  All  railroad  engineers  have 
long  since  vetoed  the  use  of  cast  iron  for  bridges,  and,  neglecting  the 
commercial  side,  united  effort  should  be  made  to  bar  this  material 
from  use  as  columns  in  any  but  low  and  simple  buildings.  It  is  un- 
derstood that,  among  other  things,  the  prudence  exhibited  in  the 
design  of  railroad  bridges  is  recognized  by  the  insurance  companies,, 
who  place  a  premium  upon  the  security  of  I'ailroad  travel  by  j^aying 
twice  the  amount  of  their  ordinary  policies  in  case  of  accidents  while 
traveling  on  the  railways.  The  same  protection,  of  course,  would  be 
best  afforded  by  the  employment  of  only  competent  engineers  to  co- 
operate with  architects  in  the  design  of  tall  or  hazardous  buildings, 
but,  as  this  desideratum  cannot  always  be  controlled,  the  building 
codes  of  our  great  cities  should  be  amended  so  as  to  make  impossible 
the  flimsy  structures  now  only  too  common.  As  stated  in  a  recent 
editorial  on  this  subject,  with  steel  columns  a  wholly  satisfactory 
design  is  possible  in  all  cases,  while  the  limitations  of  cast  iron  are 
firmly  fixed. 

No  reference  has  been  made  to  the  action  of  cast  iron  in  fires,  nor  to 
its  durability  against  corrosion,  nor  to  its  actual  strength,  these  matters 
being  foreign  to  the  paper,  but  it  is  si;ggested  that  the  whole  question 
of  the  behavior  of  cast  iron,  steel  and  other  columns,  under  the  vari- 
ous possible  conditions,  would  form  a  most  interesting  and  pregnant 
subject  for  another  discussion.  The  writer  would  commend  this  to 
the  notice  of  the  proper  committee. 

James  P.  Whiskeman,  Assoc.  M.  Am.  Soc.  C.  E. — The  speaker  was  Mr.  Whiske- 
detailed  to  make  a  report  on  the  collapse  of  the  so-called  Dai'lington 
Hotel,  and  was  on  the  premises  until  the  wreckage  was  all  cleared 
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Mr.  Whiske-  away.  Without  going  into  details,  which  are  covered  by  Mr.  Parsons' 
l^aper,  the  following  can  be  added  to  what  has  already  been  stated. 

The  details  for  the  framing  were  defective  in  the  following  respects: 
Not  all  the  columns  were  eccentrically  loaded,  but  the  majority  of 
them  were.  The  worst  cases  were  in  the  wall  columns.  The  seats  for 
the  channels  nearest  the  walls  (which  were  also  girders)  projected  some 
9^  ins.  from  the  face  of  the  column.  To  this  column  the  channels 
were  bolted  with  one  |-in.  bolt  about  8  ins.  from  the  face  of  the  col- 
umn, and  with  no  bracket  connection.  The  plans  showed  these  chan- 
nels framing  into  a  9-in.  X-beam,  which  was  to  be  framed  close  to  the 
column,  on  projjer  seats  and  with  a  standard  bracket.  In  curtain-wall 
construction,  eccentric  loading  is  quite  common,  as  it  is  desirable  to 
have  the  columns  embedded  in  the  walls  without  offsets  or  projections 
on  the  interior  of  the  walls.  The  columns  siipporting  the  walls  were 
eccentrically  loaded,  but  the  girders  remained  level  and  the  columns 
plumb  after  the  fall. 

The  column  flanges  should  have  extended  around  the  four  sides  of 
the  columns,  instead  of  on  two  sides  only.  This,  together  with  proper 
bolting,  would  have  given  additional  strength  and  rigidity  to  the 
framing. 

The  interior  columns  on  the  front  and  rear  were  not  braced  prop- 
erly in  a  longitudinal  direction.  The  beams,  instead  of  framing  into 
the  columns,  were  framed  to  the  girders  on  each  side  of  the  columns, 
and,  therefore,  were  not  i3roj)erly  supported  in  this  direction  at  every 
floor.  The  majority  of  the  columns  broke  at  the  flanges.  The  bolting 
appeared  to  be  loose,  and,  as  the  threads  were  not  stripped,  it  would 
appear  that  the  columns  were  not  properly  bolted  together.  The  bolts 
on  one  side  were  probably  loosened  in  plumbing,  and,  as  no  shims 
were  used,  the  load  was  concentrated  more  or  less  on  the  opposite 
flange.  The  metal  in  the  flanges  was  honey-combed  and  full  of  im- 
purities. 

There  was  also  loose  and  insufficient  bolting  in  the  beam  and  girder 
framing.  In  one  case  three  bolts  were  omitted  from  a  j^ossible  four; 
in  another  case  two  bolts  out  of  a  possible  four.  But  even  where  these 
bolts  were  omitted  the  parts  remained  framed  together.  An  8-in. 
I-beam  was  found  in  the  wreckage  bolted  at  one  end  to  part  of  a  7  by 
7  by  1-in.  column  with  one  bolt,  and  to  a  lug  of  a  column  at  the  other 
end  with  one  bolt.  This  beam  had  two  holes  at  each  end  close  to  the 
bolt  holes,  and  was  weak,  biit  the  connection  was  stronger  than  the 
columns. 

The  cinder  concrete  of  the  floor  arches  was  disintegrated  in  the 
fall,  but  this  was  due  to  the  fact  that  it  had  not  set  properly.  The 
centering  had  not  been  removed.  Several  specimens  of  this  concrete 
preserved  in  a  warm  room  became  very  hard  in  a  few  days. 

As  to  the  amount  of  material  stored  on  the  floors  of  the  building, 
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owing  to  frequent  complaints  from  the  neighbors,  material  was  re-  Mr.  Wbiske- 
moveil  from  the  street  as  soon  as  jiossible  after  its  delivery,  and  stored 
in  the  building.  On  the  first  floor,  back  of  the  light-shaft  and  against 
the  west  wall  was  piled  a  lot  of  Rosendale  cement  in  bags  and  barrels, 
producing  a  live  load  of  250  lbs.  per  square  foot  on  this  floor,  which 
was  calculated  to  stand  safely  60  lbs. ;  but  the  floor  did  not  fail  on 
this  aecoimt.  On  the  upi^er  floor  was  distributed,  ready  for  erection, 
or  in  piles,  considerable  iron  and  steel.  In  the  neighborhood  of  Col- 
umn 37,  about  twenty  pieces  of  unerected  iron  were  found  in  the 
wreckage.  About  30  tons  of  unerected  material  were  found  in  the 
ruins. 

The  derrick  used  for  hoisting  ii-on  was  supported  on  the  toji  of  the 
framework,  and  in  the  center  of  the  building  near  the  front.  The  der- 
rick had  a  boom  probably  60  ft.  long.  How  well  the  weight  of  the 
derrick  was  distributed,  or  the  framework  temporarily  reinforced,  it 
is  hard  to  say,  but  it  can  be  surmised  that  it  was  not  projierly  done. 
It  was  also  probably  guyed  to  the  structure  in  such  a  way  as  to  strain 
it  excessively.  The  derrick  was  not  in  use  on  the  day  of  the  collapse. 
There  were  frequent  complaints  from  the  adjoining  tenants  that  the 
hoisting  of  materials  in  the  elevators  caused  their  buildings  to  vibrate. 

The  building  was  out  of  plumb  at  various  times  from  6  to  18  ins., 
and  was  never  properly  sw^ay-braced  before  or  after  it  was  jjulled  back. 
Excessive  flange  strains  were  produced  in  this  way,  which  could  cause 
the  building  to  collapse  at  a  later  date.  Columns  36  and  37  were  not 
braced  jjroperly  longitudinally,  and  should  be  treated  as  long  columns, 
and  one  of  these  broke  about  half-way  up,  or  in  the  5th  story,  and 
fell.  On  account  of  the  lack  of  rigidity,  the  entire  mass  was  precip- 
itated toward  these  columns.  Columns  34,  36  and  37  were  the  only 
ones  broken  ofl'  in  the  basement.  None  of  the  foundations  failed  in 
the  slightest  degree. 

The  overloading  of  the  floors,  by  the  iron  or  by  the  derrick,  the 
loose  bolting  of  all  members,  the  lack  of  longitudinal  supjiorts  for 
the  columns,  the  building  being  oiit  of  plumb  and  never  properly 
sway-braced,  all  combined  to  cause  the  complete  collapse,  which  any 
one  of  them  was  sufficient  to  induce. 

The  structural  engineer  has  learned  nothing  new  from  this  collapse, 
as  some  or  all  of  the  defects  noted  can  be  found  in  other  buildings  of 
the  same  class. 

The  designing  of  buildings  of  this  class  is  considered  in  much  too 
light  a  vein,  and,  as  the  operation  is  more  or  less  a  speculation,  the 
temptation  exists  to  make  the  structure  too  light  at  the  expense  of 
rigidity  and  stiffness.  On  account  of  the  height  being  less  than  four 
times  the  width,  no  permanent  wind  bracing  is  provided  and  as  little 
temporary  bracing  as  can  conveniently  be  put  in.  Keliance  is  jjlaced 
on  the  curtain  walls  and  flre-proof  floors  to  stiff'en  the  structure,  but. 
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Mr.  Whiske-  in  reality,  the  framework  is  sometimes  nearly  completed  before  the 
walls  are  begun,  therefore  elements  of  strength  are  depended  upon 
which  rarely  exist  until  the  building  is  completed. 

Cast-iron  columns  are  not  readily  adai)ted  for  the  design  of  any 
other  than  direct  central  loading.  It  is  difficult  to  provide  good  de- 
tails, and,  in  some  cases,  impossible  when  the  loading  is  eccentric  and 
there  is  little  rigidity  against  forces  tending  to  distort  the  structure. 
The  factor  of  safety  generally  used  is  about  2.7,  which  is  not  enough 
for  any  columns  except  those  centrally  loaded.  It  would  be  good 
practice  to  limit  their  use  to  buildings  of  75  ft.  in  height,  and  to  build- 
ings of  greater  height  only  when  they  have  a  very  broad  base. 

Section  112  of  the  New  York  Building  Code  prescribes  the  mini- 
mum size  of  cast-ii'on  columns  as  5  ins.  and  the  minimum  thickness  as 
I  in.  In  the  upper  stories  of  buildings  of  this  class,  on  account  of  the 
light  loading,  it  is  found  cheajjer  to  use  light  steel  sections  in  pref- 
erence to  cast  iron,  and  single  I-beams,  channels  and  two  angles, 
therefore,  are  often  used  for  columns.  Little  attention  is  paid  to 
detailing,  excepting  to  put  in  connections  a  sufficient  number  of 
rivets  for  shear  and  bearing.  These  columns  are  little  or  no  better 
than  if  cast  iron  were  used,  and  are  sometimes  so  slender  as  to  make 
them  less  desirable.  The  columns,  taken  as  a  whole,  from  top  to 
bottom  are  plumb,  but  zigzag  from  story  to  story. 

In  a  building  which  came  under  the  speaker's  observation  recently, 
the  equivalent  direct  load  due  to  an  eccentricity  of  about  16  ins.  was 
more  than  the  direct  load  on  the  column. 

The  following  illustration  will  show  to  what  extent  the  saving  of 
material  is  carried.  In  a  building  of  this  character,  just  now  being 
completed,  the  girders  next  to  the  walls,  which  were  very  eccentrically 
framed  to  the  columns,  were,  in  addition,  cantilevered  on  each  side 
beyond  the  column,  so  that  the  spans  of  the  adjacent  girders  were 
reduced  by  the  amount  of  the  projection,  and  lighter  sections  were 
used  in  these  panels. 

In  another  instance,  the  cast-iron  columns  were  eccentrically 
loaded  simply  because  the  girders  had  been  ordered  too  short  and 
the  column  seats  and  brackets  were  extended  to  meet  the  short 
girders. 

It  is,  perhai^s,  a  little  foreign  to  the  subject,  but,  in  tenement- 
house  construction,  even  more  so  than  in  the  apartment  hotels,  the 
proper  detailing  of  iron  is  not  more  than  approximated.  In  a  corner 
tenement  house  the  entire  first  story  on  two  sides  is  left  open  for 
stores,  and  the  walls  above  are  suj^ported  on  girders  and  columns, 
the  columns  resting  on  piers  in  the  basement.  The  columns  are  rarely 
provided  with  shoes  or  caps;  the  girders  simply  rest  on  the  columns, 
and  are  not  bolted  to  them.  Where  two  sets  of  girders  meet,  they 
are   strapped  together  with   a  narrow  plate  placed  across  the  joint 
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diagonally  and  bolted  somewhere  on  each  side  with  one  bolt,  usually  Mr.  Whisk©- 
the  separator-bolt.     This  joint  could  open  1  in.  without  even  straining 
the  strap.   No  attempt  is  made  to  tie  or  anchor  the  columns,  and,  when 
&  pier  settles,  on  account  of  the  lack  of  rigidity,  the  building  pai-tly 
or  wholly  collapses. 

In  one  case,  a  narrow  column,  supporting  a  front  and  not  pro- 
vided with  a  bottom  flange  or  shoe,  on  account  of  the  concentrated 
load  in  the  center  of  a  jiooi'ly-bedded  pier  cap,  cracked  the  cap  and 
the  front  collapsed. 

In  another  instance,  i^ractically  the  whole  of  a  six-story  tenement 
house,  in  process  of  completion,  collapsed  by  the  undermining  of  a 
single  pier. 

There  is  practically  no  engineering  at  all  in  tenement-house  con- 
struction. 

The  design  for  the  framing  of  apartment-hotel  buildings  is  a 
problem  for  treatment  by  a  competent  structural  engineer,  but  is 
moi'e  often  solved  by  the  use  of  tables  which  are  but  poorly  under- 
stood and  applied  accordingly.  In  some  cases  the  engineer  or  archi- 
tect who  knows  better  will  prostitute  good  design  to  cheapen  the 
<}ost. 

This  is  one-half  the  solution  of  the  problem;  the  solution  of  the 
other  half  is  the  emijloyment  of  a  competent  superintendent  on  the 
premises  to  see  that  the  work  is  executed  properly  and  that  no  iindue 
strains  come  upon  the  uncompleted  structure. 

The  solution  of  this  problem  is  competent  engineering  on  the 
designs  and  proper  superintendence  in  the  field. 

Guy  B.  Waite,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  general  Mr.  Waite. 
conditions  of  construction  at  the  Hotel  Darlington  appear  to  be  about 
the  same  as  the  average  conditions  in  the  construction  of  most  of  the 
apartment  hotels  erected  in  New  York  City  at  the  present  time. 

Since  the  building  laws  of  New  York  City  have  jjermitted  non- 
bearing  walls  to  be  carried  on  their  own  foundations,  most  of  these 
hotels  have  been  constructed  with  steelwork  to  carry  the  floor  loads, 
only. 

The  steel-floor  systems  are  designed  to  carry  live  loads  of  60  lbs. 
per  square  foot,  and  dead  loads  of  from  60  to  70  lbs.  per  square  foot, 
making  a  total  of  from  120  to  130  lbs.  per  square  foot. 

To  carry  these  floor  loads  economically,  the  floor  beams  are  gener- 
ally spaced  at  about  6-ft.  centers. 

The  interior  columns  are  studiously  located  by  the  architect,  who 
places  them  as  much  out  of  the  way  as  possible,  in  partitions,  etc. 
The  outside  columns  can  usually  be  located  with  greater  freedom 
than  the  interior  columns,  and  may  be  located  to  get  better  results  for 
stiff'ening  the  building  laterally. 

A  paper*  bearing  on  the  subject  of  constructing  high  buildings  for 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXXIII,  p.  190. 
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Mr.  Waite.  resisting  lateral  forces  was  jn-esented  to  this  Society  in  1894.  This 
l)aper  Avas  jiresented  at  a  time  when  the  construction  of  high  buildings 
was  comparatively  new,  and  there  was  no  siiecific  building  code  in 
New  York  City  regulating  them.  There  were  no  established  precedents 
among  designers  for  the  lateral  stiffening  of  the  buildings,  and  there 
was  no  law  referring  thereto. 

The  writer,  who  then  had  the  examination  into  these  constructions 
for  the  Department  of  Buildings,  was  obliged  to  act  arbitrarily  on 
eccentricities  of  construction.  There  were  many  narrow  and  high 
buildings  proi^osed,  without,  as  he  believed,  safe  construction  for  re- 
sisting lateral  forces.  The  discussion  which  followed  this  paper  ap- 
plies with  equal  force  to  the  Hotel  Darlington  and  similar  buildings. 

In  the  pajjer  referred  to,  all  parts  of  the  finished  structure  which 
were  capable  of  aiding  in  lateral  resistance  were  considered.  Parti- 
tions, walls,  and  steelwork,  with  the  connections,  were  the  principal 
factors.  Partitions  are  almost  insignificant  factors  in  ordinary  build- 
ing construction.  The 
walls  and  the  steel- 
work are  the  important 
factors  for  lateral  re- 
sistance, as  usually  con- 
structed. If  the  walls 
are  not  pierced  too  much 
with  openings,  they,  un- 
doubtedly, form  the 
main  factors  in  actual 
practice. 

Where  walls  are  to 
sujjply  the  principal 
lateral  stiffness  to  a 
building,  it  would  seem 
as  though  these  walls 
should  be  carried  up 
with  the  steel  construc- 
tion, or  that  suitable 
temporally  lateral  braces 
should  be  provided  un- 
til the  walls  can  be  car- 
ried up  to  the  top  of 
the  steel  construction. 

While  walls  appear 
to  be  generally  relied  on 
to  furnish  the  lateral 
stiffness  of  buildings,  it 
is     believed     that     the  Fig.  7. 
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Hotel  Darlington  disaster  shows 
tlie  danger  of  dej^ending  too  much 
on  this  one  factor. 

The  writer  believes  that  the 
steel  construction  with  its  connec- 
tions should  be  sufficient  to  hold 
the  steel  skeleton  plumb  until  the 
walls  can  be  carried  up. 

As  deduced  in  the  former 
paper,  lateral  forces  may  some- 
times develop  stresses  (-which  in- 
crease from  the  top  toward  the 
bottom  of  the  building)  which  be- 
come excessive  if  the  biiilding  is 
very  high. 

In  the  Hotel  Darlington,  as  the 
conditions  are  understood,  the 
walls  not  being  carried  up  with 
the  steelwork,  the  columns  and 
girders  with  their  connections 
formed  the  main  resistance  to  lat- 
eral forces  from  the  top  down  to 
the  place  where  the  exterior  walls 
were  finished.  These  lateral  forces 
■were  probable  sufficient  at  or 
about  the  4th  floor  (where  the  wall 
■was  stopped)  to  break  the  cast-iron 
columns  at  their  connections. 

The  two  re-entrant  light-court 
■walls,  located  midway  between 
the  front  and  the  rear  of  the  build- 
ing, were  favorable  features  of 
construction,  adapted  to  give  lat- 
eral strength  to  the  narrow  way 
of  the  building. 

Had  the  structure  been  held  in 
position  until  these  -walls  were 
constructed,  and  until  the  floor 
arches  were  solid  and  capable  of 
acting  in  the  capacity  of  horizontal 
trusses — conveying  lateral  stresses 
to  points  of  greatest  resistance — 
probably  nothing  extraordinary 
would  have  been  heard  of  the 
Hotel  Darlington. 


Mr.  Waite. 


Fig.  8. 


Fig.  9. 


24  DISCUSSION    ON"    COLLAPSE    OF    A    BUILDING. 

Mr.  Waite.  While  the  siJacing  of  floor  beams  and  the  location  of  interior  col- 
umns was  bad,  in  that  there  was  not  a  direct  connection  with  the 
columns  in  every  case,  this  need  not  be  a  defect  in  the  construction. 
Providing  other  parts  of  the  structure  have  requisite  lateral  strength, 
and  the  floor  system  is  cajjable  of  transmitting  the  lateral  forces  to 
these  stiffened  parts,  these  interior  columns  need  only  be  supporting 
-columns. 

The  writer  now  believes,  as  firmly  as  he  did  when  preparing  the 
paper  ten  years  ago,  that  not  providing  for  lateral  resistance  in  steel 
construction  is  dangerous. 

The  writer  was  associated  for  several  years  with  iron  and  steel  con- 
tractors who  were  also  engaged  in  the  manufacture  of  cast  iron,  and, 
therefore,  they  desired  to  use  cast-iron  cohimns  where  practicable. 
The  practice  was  to  use  cast  iron  columns  for  heavier  loads,  in  lower 
stories,  and  steel  columns  for  the  lighter  loads,  in  upper  stories — the 
latter  being  more  economical  for  very  light  loads  than  the  former. 

In  order  to  insure  i^ositively  rigid  connections,  for  resisting  lateral 
forces,  steel  connections  were  riveted  to  the  beams  (which  were  to  be 
connected  to  columns)  in  the  shop,  and  were  connected  to  the  cast 
columns,  as  shown  in  Figs.  7,  8  and  9,  by  bolts  which  could  be  brought 
up  taut. 

The  connections  shown  in  Fig.  7  were  used  in  the  narrow  skeleton- 
constructed  buildings.  No.  64  Fulton  Street,  25  ft.  wide  and  nine  stories 
high,  and  No.  708  Broadway,  25  ft.  wide  and  ten  stories  high,  where 
beams  were  spaced  at  about  6.5  ft.  centers  and  were  connected  at  each 
end  to  cast-iron  X-shaped  columns  in  the  lower  stories,  and  to  channel- 
steel  columns  in  the  upper  stories.  Where  the  floor  loads  were  too 
heavy  for  the  bolts  shown  in  Fig.  7,  connections  were  made  to  the  col- 
umn seats  as  shown  in  Fig.  8. 

Rigid  connections  have  been  made  to  cast-iron  columns  by  shop- 
riveting  angles  to  the  sides  of  girders,  and  bolting  through  the  col- 
umns, as  shown  in  Fig.  9. 

The  flange  punching  for  the  connections  shown  in  Figs.  7  and  8  is 
an  additional  expense,  but,  where  any  great  resistance  is  required, 
the  advantages  gained  Avill  more  than  comi)ensate  for  this  cost. 
yii.  Schneider.  C.  C.  ScHNEiDEK,  M.  Am.  Soo.  C.  E. — This  paper  illustrates  only 
one  of  the  many  examples  of  poor  building  construction,  and  also  one 
of  the  many  abuses  of  cast  iron  in  such  structures. 

A  careful  observer  will  notice  many  structures,  similar  to  the  Dar- 
lington Hotel,  which  would  have  collapsed  under  similar  conditions. 

In  examining  the  design,  the  speaker  was  impressed  with  the  in- 
competence of  the  designer,  his  lack  of  knowledge  of  even  the  first 
principles  of  structural  designing  and  his  presumption  in  undertaking 
a  piece  of  work  for  which  he  was  not  fitted. 

The  speaker  is  gratified  to  know  that  no  member  of  our  profession 
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nacl  anything  to  do  with  the  designing  and  construction  of  this  struct-  Mr.  Schneider, 
ural  monstrosity,  but  that  this  design  was  made  by  a  mechanic  whose 
experience  and  knowledge  of  buihling  construction  was  very  limited. 

In  designing  this  structure,  no  attempt  was  made  to  insure  lateral 
stability  or  jjro vision  for  wind  pressure  during  erection. 

The  speaker  endorses  the  author's  conclusion,  that  the  structure 
collapsed  because  of  lack  of  lateral  siipport  for  the  story  columns. 

The  metal  framework  of  a  building  of  the  skeleton  type  of  con- 
struction is  a  complete  structure  in  itself  during  erection,  and  should 
be  treated  as  such;  that  is,  it  should  be  self-supporting  before  the  walls 
and  floors  are  completed,  and  in  that  condition  be  strong  enough  to 
resist  the  wind  forces  on  all  exposed  surfaces,  and  such  additional 
strain  as  may  be  expected  during  erection. 

The  speaker  has  always  adhered  to  these  principles  in  his  own  prac- 
tice, and  has  found  that  if  provision  is  made  for  the  usually  assumed 
wind  pressure  of  30  lbs.  on  every  square  foot  of  exposed  surface  of  the 
metal  framework,  the  structure  is  generally  strong  enough  to  resist 
such  additional  strain  as  may  occur  during  erection;  for  instance,  the 
lateral  strains  produced  by  a  swinging  derrick,  etc. 

There  is  one  feature  in  the  metal  structure  of  the  Darlington  Hotel 
which  deserves  severe  criticism,  and  that  is  the  use  of  cast-iron 
columns  in  a  building  about  144  ft.  high. 

Experience  has  taught  us  that  cast  iron  is  unsafe  and  unreliable 
as  a  material  for  structural  purposes,  and,  for  that  reason,  it  has 
been  entirely  discarded  in  the  construction  of  bridges  of  all  kinds  for 
many  yeai's. 

In  this  case,  cast  iron  was  used  in  combination  with  poor  details. 

The  designer  followed  the  foundrymau's  practice  of  carrying  the 
beams  or  girders  on  brackets  cast  on  the  columns,  which,  however,  the 
speaker  does  not  consider  good  practice. 

The  brackets  are  generally  unreliable,  as  very  frequently  they  are 
full  of  blow-holes,  without  showing  any  defect  on  the  outside;  this 
fact  is  also  verified  by  the  author's  observation. 

In  view  of  these  ever-occurring  disasters,  it  seems  that  something 
should  be  done  to  protect  human  life  against  accidents  of  this  kind, 
which  might  have  been  avoided  if  such  structures  were  properly 
designed  and  inspected. 

A  competent  and  reputable  engineer  needs  neither  building  law  nor 
supervision;  however,  as  we  cannot  compel  owners  of  buildings  to 
employ  competent  tmgineers,  it  becomes  necessary  to  have  proper  and 
strict  supervision  over  all  structures  of  this  kind. 

The  people  generally  rely  on  the  building  departments  for  protec- 
tion against  unscrupulous  contractors  and  ignorant  pretenders. 
Therefore,  the  building  department  of  every  municipality  should 
employ  a  sufficient  number  of  competent  engineers  to  enable  them  to 
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Mr.  Schneider,  examine  the  designs  i^roperly  and  carefully  and  inspect  the  work  of 
all  structures  witliin  its  jurisdiction. 

Tbis  supervision  should  not  be  perfunctory,  but  thorough.  If  a 
design  is  not  safe,  it  should  be  rejected,  even  if  it  conforms  to  the 
letter  of  the  building  law. 

It  should  be  the  duty  of  the  l)uilding  department,  and  that  dei:)art- 
ment  should  have  the  power  to  see  that  all  structures  are  safe,  first, 
last  and  all  the  time,  with  or  without  building  laws. 

The  indiscriminate  use  of  cast  iron  should  be  prohibited.  It  should 
be  confined  to  ornamental  work,  column  bases,  or  such  other  parts  as 
are  only  strained  in  direct  compression. 

Cast-iron  columns  should  be  ruled  out  in  all  buildings  more  than 
four  stories  high. 
Mr.  Lowinson.  OscAK  Low^NSON,  Assoc.  M.  Am.  Soc.  C.  E. — The  discussion  thus 
far  has  demonstrated  that  certain  fundamental  errors  in  construction 
were  committed  in  the  erection  of  this  building.  It  has  also  brought 
out  the  fact  that  engineers,  apj^arently,  are  not  agreed  as  to  what 
constitutes  safety  in  construction. 

One  sees  public  departments  of  a  great  city,  under  whose  absolute 
control  the  construction  of  buildings  is  supjaosed  to  be,  permitting  to 
be  erected  structures  which  engineers  have  stated  should  not  have 
been  built. 

The  fact  that  the  Darlington  was  constructed  with  cast-iron 
columns  has  brought  out  the  statement  that  such  a  building  cannot 
be  built  and  assurance  be  given  that  it  will  be  safe. 

Some  thirty  years  ago,  because  of  a  disaster  caused  by  the  collapse 
of  a  bridge,  our  bridge  engineers  decided  almost  unanimously  that 
cast  iron  has  no  place  among  the  main  structural  members  of  a  bridge 
subject  to  shock;  so  that,  when  we  hear  jjrominent  engineers  state 
that  cast  iron,  by  reason  of  its  unreliability,  has  no  place  in  a  building, 
there  is  room  for  serious  reflection  and  discussion. 

The  jjroblems  connected  with  apartment  hotel  construction  in 
New  York  City  are  somewhat  different  from  those  in  commercial 
buildings.  In  the  first  i^lace,  the  buildings  being  purely  speculative, 
the  designers  have  been  compelled  to  exercise  every  device  jiossible 
to  enable  them  to  secure  the  completion  of  the  buildings  at  a  minimum 
of  cost;  and,  as  the  buildings  must  be  sold  as  soon  as  possible,  there 
are  no  responsibilities  other  than  moral,  and  as  long  as  the  building 
stands  together  until  sold,  the  only  controlling  influences  are  the 
conscience  of  the  owner  and  the  restriction  of  the  public  authorities. 

The  resiilt  of  this  striving  for  economy  is  seen  in  the  forms  of 
construction  adoj^ted  by  structural  designers.  In  buildings  of  this 
class,  of  which  there  are  a  great  many  either  lately  finished  or  now  in 
process  of  construction,  cast-iron  columns  are  generally  used  in  the 
lower  stories,  and,  becaiise  of  the  restrictions  of  the  building  code  as 
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to  the  miuimum  diameter  and  thickness  of  columns,  the  five  or  six  Mr.  Lowinson. 
ujii^er  stories  of  these  buildings  are  visually  supported  on  structural 
members,  which  are  either  I-beams,  channels,  or,  in  some  cases,  even 
single  angles,  so  that,  on  seeing  such  a  structure,  one  cannot  compre- 
hend how  it  is  physically  possible  to  transfer  the  load  to  these  columns, 
even  though  they  are  able  to  carry  it  if  it  Avere  once  properly  placed 
upon  them. 

A  statement  of  the  conditions  existing  in  connection  with  the  con- 
struction of  biiildings  of  this  class,  while  not  pertinent  to  this  ques- 
tion, is  deserving  of  recognition  because  of  its  efi'ect  upon  jn-ofessional 
work,  and  these  conditions  will  be  described  briefly. 

The  Darlington  is  tyj^ical,  and  the  owners  of  the  biiilding  organized 
into  a  company  for  the  express  j^urpose  of  constructing  it.  In  no  way 
had  anyone  in  this  company  ever  been  connected  with  the  responsi- 
bility of  the  construction  of  a  building  before. 

A  firm  of  architects  (whose  sole  business  is  to  draw  plans  and  make 
applications  to  the  isublic  departments  for  the  necessary  permits  for 
construction)  was  employed,  at  a  fee  which  was  about  one-tenth  the 
schedule  rate,  adopted  by  the  American  Institute  of  Architects,  for 
this  service. 

No  arrangements  whatever  were  made  for  siiperintendence,  the 
owner  doing  his  own  superintending. 

The  owner  takes  estimate  of  both  labor  and  materials  on  each  item 
of  the  work.  In  cases  where  materials  will  be  delivered  to  a  contractor 
by  a  firm,  the  owner  tries  to  get  the  contractor  to  supply  these  (sub- 
ject to  the  lowest  prices),  as  he  is  thereby  enabled  to  shift  the 
responsibility  to  the  contractor.  Otherwise,  the  owner  supplies  the 
material  and  the  contractor  the  labor. 

The  owner  depends  on  the  municipal  authoi-ities  to  see  that  the 
labor  will  be  performed  i^roperly  and  usually  does  not  concern  himself 
with  them  until  he  receives  a  notice  from  one  of  the  public  depart- 
ments that  the  law  is  being  violated  and  that  he  has  incurred  a  finan- 
cial penalty  thereby.  His  interests  are  in  the  finished  details,  such 
matters  as  appeal  to  the  eye  and  will  help  make  a  sale  of  the  building. 

It  must  be  borne  in  mind  that  the  owner's  financial  interests  are 
usually  very  little,  if  any,  and  he  looks  to  his  profits  by  the  increased 
amount  received  at  a  sale  over  the  cost  of  the  structure  and  land. 

In  the  case  in  jjoint,  it  is  not  worth  while  to  enter  into  a  detailed 
discussion  of  any  other  item  than  of  striictural  ironwork. 

The  architects  prepared  a  set  of  framing  plans,  and  the  Bureau  of 
Buildings  issued  permits,  on  the  assumption  that  the  details  did  not 
require  examination. 

Because  of  the  intimate  relationship  between  the  structural  iron- 
work and  fire-proof  flooring  systems,  it  has  become  customary  for  the 
firms   installing  the  floor  systems  to   prepare  a   framing  plan  most 
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Mr.  Lowinson.  economical  for  tlieir  system.  In  this  case,  tlie  various  fire-proof 
firms  easily  showed  the  owners  that  they  could  save  a  sum  (in  the 
case  of  the  system  adopted)  of  $6  000  hy  using  different  spacing  and 
lighter  membei's  in  the  floor  construction. 

Of  course,  there  being  no  engineer  or  other  intelligent  i^erson 
knowing  anything  about  construction,  this  economy  was  adopted. 
(It  appears  strange  that  the  owners  of  all  these  buildings  never  called 
their  architects  to  task  for  this  apparent  waste  of  material  and 
money.) 

The  iron  contract  for  finishing  and  erecting  the  building  was  left 
to  a  firm  composed  of  two  persons,  one  of  whom  knew  nothing  about 
iron  or  buildings,  other  than  would  be  known  by  any  ordinary  lay- 
man, and  the  other  had  had  experience  (as  he  stated  at  the  coroner's 
inquest)  in  heating  rivets  at  a  forge,  and  helping  screw  up  bolts  on 
some  large  buildings  where  he  had  been  employed  previous  to  going 
into  business  for  himself.  Previoixs  to  taking  this  contract,  they  had 
built  some  fire-escapes  and  had  taken  a  few  small  contracts.  This 
was  their  first  real  venture. 

They  realized  immediately  that  it  was  necessary  to  have  help  from 
somebody  who  knew  something  about  ironwork,  and  a  man  was 
employed,  at  a  salary  of  about  $15  a  week,  for  this  purpose.  This 
man,  apparently,  had  had  some  experience,  and,  examining  the  plans 
which  had  been  prepared  by  one  of  the  fire-proof  companies,  and 
under  which  the  contract  was  taken,  protested  that  the  floor  members 
were  too  weak,  and  he  jjrepared  a  new  set  of  framing  j^lans  in  which 
there  was  additional  iron  worth  about  $2  000.  The  total  value  of  the 
contract  was  in  the  neighborhood  of  $28  000. 

The  cast-iron  columns  were  left  as  marked  on  the  plans  originally. 
It  does  not  appear  that  any  investigation  was  undertaken  to  deter- 
mine whether  some  more  thousands  of  dollars  might  have  been  saved 
by  scamping  these. 

The  foregoing  statement  is  typical,  and  there  are  serious  doubts 
whether  there  is  one  building  in  ten  of  this  class  of  construction 
erected  un<ler  different  auspices. 

The  beams  were  bolted  to  girders,  girders  were  bolted  to  columns, 
and  columns  were  bolted  together,  but  in  no  part  of  the  structure 
was  any  attempt  made  to  secure  the  rigidity  which  is  absolutely 
essential  for  a  structure  designed  with  the  formulas  used  for  that 
purpose;  nor  was  any  arrangement  made  to  give  assurance  that  the 
building  must  stand  under  any  conditions  to  which  it  was  likely  to 
be  subjected.  The  connections  and  the  eccentricities  of  the  load  were 
not  provided  for  properly.  The  flanges  of  the  columns  extended  on 
two  sides  only,  so  that  no  safety  could  be  obtained  by  their  resting  on 
secure  bases,  in  case  of  slight  motion,  because  of  possible  looseness  in 
connections. 
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The  work  man  ship  in  the  erection  was  i^oor.  Mr.  Lowinson, 

Some  three  weeks  before  the  collapse,  it  has  been  stated  by  several 
eye-witnesses,  the  building  was  very  much  out  of  plumb. 

The  foreman  of  the  erection  gang  stated  that  he  believed  it  was  18 
ins.  out  of  jilumb. 

Apparently,  the  idea  of  danger  never  suggested  itself  to  anyone, 
even  after  the  leaning  was  known.  To  bring  it  back  into  j^Iumb, 
cables  and  tackles  were  used.  The  bolts  on  the  columns  of  the 
lower  stories  were  loosened  up,  and  the  building  was  jacked  back. 
There  is  no  record  that  the  columns  were  screAved  ujj  again,  and  the 
absence  of  shims  demonstrated  that  no  arrangements  had  been  made 
for  keeping  the  building  plumb,  when  it  had  been  brought  back. 
Ordinary  common  sense  should  have  dictated  that  somebody  should 
be  called  in  to  find  out  the  trouble  and  the  remedy,  but  engineers  cost 
money,  and  the  speculative  builder  has  no  money  to  spend  for  such 
foolishness.  He  has  been  taking  chances  all  his  life,  and  this  is  a 
mei-e  incident.  The  chances  are  that  luck  will  not  go  against  him 
this  time. 

The  side  walls  of  the  building  were  up  about  three  or  four  stories, 
the  point  at  which  the  cohimns  aj^parently  broke  off  around  the 
walls.  The  brickwork  was  laid  in  cement  mortar,  and  aj^i^eared  to  be 
fairly  well  constructed. 

The  building  was  what  was  called  a  cage  construction,  which  has 
another  grave  defect  in  that  the  wall  columns  are  embedded  in  the 
walls,  and,  with  the  projections  at  their  flanges  and  lugs,  permit  the 
wall  in  shrinking  to  throw  upon  the  columns  and  footing  considerable 
weight  for  which  they  were  not  designed. 

There  is  no  evidence,  however,  to  show  that  fracture  occurred  in 
any  of  the  wall  columns,  because  of  this  concentration  of  the  load  due 
to  the  shrinkage  of  the  walls  and  the  non-shrinkage  of  the  projections 
on  the  columns. 

The  main  source  of  weakness,  as  stated  by  several  engineers,  was 
the  fact  that  a  cast-iron,  unbraced  building  was  erected  nearly  twelve 
stories  in  height  with  practically  no  provision  to  resist  external 
sti-ains  due  to  wind  and  vibration.  It  had  less  strength,  relatively^ 
than  a  toy  house,  twelve  blocks  high,  built  with  children's  playing 
blocks.  Because  it  had  nothing  to  hold  it  xip,  it  fell.  The  same  may 
happen  at  any  moment  to  any  of  the  other  structures  of  this  class. 

The  speaker  believes  that  the  author  of  the  paper  states  the  primal 
cause  of  the  collapse  to  be  due  to  the  failure  of  one  of  the  thii'd-  or 
fourth-story  columns.  It  is  possible  that  that  may  be  true.  The 
author  evolves  a  theory  of  the  "Center  of  Fall,"  with  which  the 
speaker  must  confess  that,  because  of  his  unimaginative  mind,  he 
cannot  bring  himself  to  agree. 

Our  laws  are  fairly  good.     It  is  a  very  difficult  matter  to  frame 
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Mr.  Lowiuson.  laws  80  as  to  cover  every  detail  of  construction.  This  building  has 
made  manifest  a  number  of  weaknesses  in  the  New  York  Building 
Code.  The  great  lesson  that  it  is  hoped  has  been  learned  by  this 
building  collapse  is  the  crime  of  constructing  buildings  with  no 
intelligent  sui^ervision.  The  idea  that  a  public  dejmrtment  should 
assure  the  safety  of  the  construction  is  also  wrong.  The  Bureau  of 
Buildings  has  certain  functions  to  perform.  Its  duties  are  purely 
those  of  jjolice  surveillance.  In  Germany,  for  instance,  the  Building 
Inspection  Department  in  each  city  is  a  branch  of  the  police  and  is 
called  "Bau-polizei, "  Building  Police.  The  officers  of  this  bureau 
should  not  be  expected  to  guarantee  the  absolute  safety  of  the 
structure,  but  they  should  be  expected  to  detect  flagrant  violations. 
The  Iron  Inspector  stated  that  he  had  about  fifty  buildings  of  this 
class  in  his  district,  and  spent  about  ten  or  fifteen  minutes  per  week 
at  each  building. 

The  main  weakness  in  the  law  is  that  there  are  no  means  of  com- 
pelling the  class  of  people  who  are  building  now  to  emi:)loy  competent 
men  to  undertake  this  construction. 

It  is  an  unfortunate  fact  that  many  buildings  in  this  city  are  in 
danger  of  collapse  at  any  moment. 

Mr.  Mac-        H.  P.   Macdonald,  Jun.  Am.   Soc.  C.   E. — The   speaker   has  been 
donald.  .  .  . 

paying  especial  attention  to  the  ratio  of  the  thickness  of  metal  in 

cast-iron  column  flanges  and  beam  seats  to  that  in  the  shaft  of  the 
column,  as  affecting  the  solidity  of  such  members.  When  the  metal 
in  such  a  part  is  heavier  than  that  of  the  shaft,  it  remains  in  a  liquid 
state  after  the  metal  in  the  shaft  is  solid,  and  as  it  cools  and  shrinks 
is  likely  to  draw  away,  near  its  center,  from  the  shaft,  causing  a 
shrink-hole;  such  conditions  also  tend  to  the  formation  of  blow-holes. 
The  sample  which  Mr.  Parsons  has  is  a  good  illustration  of  this  case, 
the  metal  in  the  flange  before  it  was  machined  being  probably  If  ins. 
thick,  while  that  of  the  shaft  is  1  in.  Far  more  exaggerated  cases  of 
this  error  have  come  to  the  speaker's  notice,  some  designers  j^utting 
beam  seats  If  ins.  thick  on  shafts  f  in.  thick.  The  metal  in  a  flange 
or  bracket  should  never  be  more  than  one-fourth  thicker  than  that  of 
the  shaft  where  it  is  located;  and,  where  special  strength  is  required, 
the  shaft  can  be  thickened,  or  two  or  more  vertical  ribs  be  used  in- 
stead of  one,  as  is  the  common  practice.  The  same  treatment  applies 
to  column  flanges,  which  can  be  made  far  stronger  for  a  given  weight 
of  metal  by  using  vertical  reinforcing  brackets  than  by  merely  thick- 
ening the  flange.  In  this  case  the  designer  should  bear  in  mind  that 
from  i  to  f  in.  must  be  taken  off"  the  flange  in  machining  it,  and  i>ro- 
portion  it  accordingly. 

The  iron  in  Mr.  Parsons'  sample  ajipears  to  be  very  high  in  silicon, 
which  would  also  tend  to  the  formation  of  shrink-holes.  This  metalloid 
should  not  exceed  2.25%  in  column  castings. 


DISCUSSION    ON    COLLAPSE    OF    A    BUILDING.  31 

The  couditiou  of  the  column  flanges  in  the  Darlington  Hotel,  as  Mr.  Mac- 
reported  by  Mr.  Parsons,  emphasizes  the  necessity  of  more  technical 
knowledge  on  the  part  of  designers  and  more  care  in  selecting  foun- 
dries where  proper  attention  is  paid  to  the  qualities  of  the  metal  used 
to  make  structural  castings. 

J.  H.  O'Brien,  Assoc.  M.  Am.  Soc.  C.  E. — The  speaker  would  like  to  Mr.  O'Brien. 
emphasize  a  point  made  by  Mr.  Schneider,  in  regard  to  skeleton-con- 
structed buildings,  namely,  that  the  skeleton  should  be  designed  so 
that  it  will  carry  all  loads  and  resist  all  external  forces  likely  to  come 
upon  it  at  any  time  without  assistance  from  the  materials  which  clothe 
the  skeleton. 

The  speaker  will  admit  that  this  princiiile  could  not  be  carried  out 
as  effectively  with  a  skeleton,  the  columns  of  which  are  cast  iron,  as 
with  a  skeleton  constructed  of  steel  throughout.  Biit,  as  the  previous 
speakers  have  disposed  of  the  cast-iron  column  as  unsafe  for  use  in  tall 
buildings,  which,  usually,  are  the  most  imjiortant  skeleton  structures, 
it  may  not  be  amiss  at  this  time  to  touch  upon  the  need  of  great  care 
in  the  design  of  all  important  skeleton-constructed  buildings. 

The  speaker  has  watched  the  construction  of  many  such  buildings, 
in  which  the  framing  is  rectangular  throughout,  and  as  they  grow, 
tier  on  tier,  without  diagonal  bracing,  or  even  large  gusset  jjlates  to 
stiffen  the  joints,  he  has  been  impressed  with  their  lack  of  native  sta- 
bility. In  most  of  such  cases,  of  course,  the  designer  expects  that 
external  forces  will  be  overcome  by  the  aid  of  masonry  curtain  walls 
and  floor  systems;  but,  as  these  features  are  seldom  erected  simulta- 
neously with  the  steel  work,  the  risk  involved,  in  depending  on  such 
assistance,  is  very  great. 

In  fact,  the  speaker  is  aware  of  one  such  structure,  at  least,  which 
was  designed  and  erected  by  a  rejjxitable  steel  company  (which  had  no 
control  of  the  mason  work),  the  roof  of  which  collapsed,  because  it 
was  loaded  before  the  stiffening  walls  had  been  built  uji  to  reinforce 
the  steel  supjjorts. 

One  of  the  first  principles  learned  by  engineers,  who  design  struct- 
ures, is  that  a  rectangular  frame  has,  theoretically,  no  stability,  as 
forces  applied  along  the  members  of  such  a  frame  will  change  its  form. 
Therefore,  the  stability  which  attaches  to  structures  of  purely  rectan- 
gular formation  is  furnished  solely  by  the  stiffness  of  their  riveted 
connections,  which  are  often  designed  improjjerly,  usually  only  for 
the  direct  vertical  loads. 

The  columns  of  many  skeleton  Iniildings  are  so  placed,  and  are 
designed  of  such  section,  that  many,  and  sometimes  all,  of  their  loads 
are  eccentric  (on  the  same  side  of  the  column);  and,  too  often,  no  i^ar- 
ticular  attention  is  paid  to  this  eccentric  loading,  the  effect  of  which 
should  be  offset  by  adding  section  to  the  columns  and  making  suffi- 
cient joints  at  the  connections. 
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Mr.  O'Brien.  The  sjjeaker  hopes  tliat  Mr.  Schneider's  point,  that  skeleton 
structures  should  be  designed  to  support  all  the  loads,  and  to  resist 
all  external  forces  coming  upon  them,  indei:)endent  of  the  masonry, 
will  be  carried  oixt  more  faithfiilly  by  designing  engineers  hence- 
forth. 

Mr.  Just.  George  A.  Just,  M.  Am.  Soc.  C.  E.  (by  letter). — Faulty  design  i& 
a  sufficient  cause  for  the  collapse  of  the  building  under  discussion. 
Therefore,  it  is  unnecessary  to  look  for  a  reason,  other  than  the  inher- 
ent structural  weakness  incident  to  such  faulty  design. 

This  being  so,  it  is  eminently  proper  to  inquire  how  the  partial 
erection  of  such  a  structure  could  be  i:)os8ible,  in  the  foremost  city  of 
the  country  under  a  code  especially  enacted  to  safeguard  the  public 
interests,  as  far  as  they  are  involved  in  the  construction  of  buildings. 

At  the  very  beginning,  a  clear  distinction  should  be  made  between 
the  law,  on  the  one  hand,  and  the  administration  and  interi)retation 
of  the  laAv,  on  the  other.  The  most  perfect  law,  when  administered  or 
interpreted  by  incompetent  or  corrupt  authority,  proves  ineffectual 
and  often  oj^pressive.  But  building  laws,  like  all  other  civil  laws 
even  when  honestly  administered,  need  intelligent  interjjretation  and 
consequent  modification  from  time  to  time,  and  it  is  remai-kable  that,, 
while  other  branches  of  law  are  interpreted  and  modified  by  lawyers 
through  the  machinery  of  the  courts,  public  sentiment  does  not 
demand  that  its  laws  relating  to  construction  be  interpreted  by  engi- 
neers, who,  it  must  be  admitted,  are  alone  capable  of  directing  the 
proper  aijplication  of  what  is,  after  all,  natural  law,  as  against  the 
law  of  accumulated  precedent. 

This  inconsistency,  however,  can  be  traced  to  an  apparent,  if  not 
a  real,  lack  of  interest  in  public  affairs  by  engineers  in  the  past.  They, 
consequently,  lack  weight  when  new  thought  is  moulded,  even  Avhen 
it  relates  to  matters  so  distinctly  within  the  engineering  field  as  the 
formation  or  amendment  of  a  "building-law." 

Now  the  fact  cannot  be  overlooked  that  a  "building-law"  must 
necessarily  be  perfectly  general  in  its  application;  that  all  its  i3ro- 
visions  cannot  possibly  be  made  so  comprehensive  as  to  apply  to  each 
specific  case,  and  that  any  attempt  to  do  so  must  result  in  a  limitation 
of  individual  rights,  on  the  one  hand,  or  endanger  public  safety,  on 
the  other. 

And  so  it  may  be  said  that  the  best  criticism  made  of  the  New  York 
code,  under  which  the  collapsed  structure  had  been  partially  erected, 
is  that  it  "pretends  too  much  engineering."  The  chance  of  repetition 
of  a  "Darlington  "  disaster  would  be  materially  reduced,  if  much  of 
the  present  detail  matter  were  eliminated,  thus  making  the  provisions 
of  the  code  more  general.  The  unprincipled  practitioner  would  then 
not  be  able,  as  now,  to  force  a  Department  of  a  municipal  government 
to  act  practically  as  engineer  in  the  design  of  work  for  which  he  him- 
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self  is  incompetent.  It  might  terminate  the  practice  of  designing  Mr.  Just, 
"according  to  law,"  and  kill  the  assumption  that  individual  struc- 
tural members,  when  of  proper  section  for  the  performance  of  their 
intended  functions,  will  make  a  safe  structure,  irrespective  of  the 
manner  of  their  assemblage  or  the  quality  of  the  general  design.  The 
result  should  be  that  experienced  professional  talent  Avould  be 
engaged  more  generally. 

As  to  cast  ii-on:  The  consensus  of  opinion,  to-day,  is  undoubtedly 
favorable  to  a  limitation  of  its  uses,  and  it  should  be  eliminated  from 
structures  of  the  character  of  the  one  under  discussion;  but  even  the 
characteristics  and  variable  quality  of  cast  iron  do  not  call  for  its 
utter  condemnation.  Violent  poisons,  harmless  in  the  hands  of  the 
■chemist,  prove  dangerous  playthings  for  children,  and  so  with  cast  iron 
■when  in  the  hands  of  incompetents. 

It  may  be  conceded  that,  in  the  light  of  experiment,  he  permis- 
sible unit  values,  in  the  New  York  code,  for  cast  iron  in  column  form> 
are  too  liberal.  These  matters  are  often  the  result  of  compromise, 
dictated  by  rival  trade  interests,  strongly  intrenched.  Engineers, 
however,  are  under  no  compulsion  to  use  such  values.  It  is  unfor- 
tunate, therefore,  that  when  speculative  ventures  are  involved,  or  the 
money  for  a  project  is  limited,  a  marked  tendency  is  shown  to  use  the 
ambiguities  and  inconsistencies  of  the  law  to  make  the  work  "  cheap." 

To  this  straining  for  a  "cheap  "  building  is  also  due  the  present 
custom  of  using  cast  columns  in  the  lower,  and  steel  sections  in  the 
upper,  stories,  with  an  utter  disregard  for  possible  initial  bends, 
eccentric  loading  or  proper  transmission.  This  results  in  flimsy  steel 
members,  which  have  become  an  easy  target  for  criticism  by  those 
who  advocate  the  continued  use  of  cast-iron  columns. 

And  here  it  may  be  noted  that  the  lawyer  who  avails  himself  of 
flaws  in  the  civil  and  criminal  law,  to  the  advantage  of  his  client,  en- 
hances his  rejiutation,  but  the  engineer  who  violates  the  laws  of 
statics,  not  only  impairs  his  reputation,  but  insures  the  failure  of 
his  work. 

In  recurring  to  the  question  of  the  improper  interpretation  of  the 
spirit  of  a  law,  it  can  be  positively  asserted  that  it  was  not  the  inten- 
tion, of  the  framers  of  the  New  York  code,  to  permit  the  erection  of 
hybrid  structures  of  the  "Darlington"  type,  and  if  the  decision  to 
the  contrary,  which  has  created  such  a  bad  precedent,  is  irrevocable, 
then  the  law  cannot  be  too  promptly  modified  in  this  pax'ticular. 

It  is  remarkable  how  the  efforts  of  the  framers  were  nullified,  in 
this  particular.  Recognizing  the  then  existing  tendency  to  depart 
from  a  pure  skeleton  type  in  which  the  frame  should  be  at  all  times 
self-supporting,  they  intended  to  recognize  only  two  types,  (1)  the 
old,  wall-bearing  type,  and  (2)  the  modern  skeleton-frame  type  of 
building. 
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Mr.  Just.  To  distingiiisli  the  two  types  clearly,  they  demantled  for  the  first 
time  that  "wall-girders"  be  placed  continuously  at  all  floor  levels  in 
skeleton-frame  constructions  (Sec.  110).  They  reduced  the  then 
existing  minimum  thickness  of  walls  for  this  tyj^e  (Sec.  36),  and 
removed  the  heretofore  general  restriction  that  front  and  side  walls 
must  be  carried  up  in  certain  relation  to  each  other,  and  confined  this 
requirement  to  wall-bearing  buildings  (Sec.  41). 

No  added  rigidity,  from  floor  filling  or  arches,  was  to  be  relied 
upon,  for  the  requirement  that  the  j^rogress  of  filling  in,  or  floor 
arching,  should  bear  a  certain  relation  to  the  height  of  the  frame  is 
not  now,  and  never  was,  a  part  of  the  New  York  building  code.  This 
is  a  state  labor  law,  enacted  presumably  for  the  better  protection  of 
workmen  engaged  on  buildings.*  The  new  code  also,  for  the  first 
time,  distinctly  empowered  the  head  of  the  Department  to  call  for 
such  structural  details  as  in  his  judgment  might  be  necessary 
(Sec.  4). 

Therefore,  it  is  unfortunate  for  good  construction  that,  as  was  tes- 
tified by  an  engineer  of  the  building  bureau,  before  the  Coroner's 
Jury,  a  joint  reading  of  Sections  36  and  37  was  interpreted  as  a  permit 
to  erect  buildings  of  the  "Dai'lington  "  type.  This  precipitated  upon 
the  public  an  incomplete  and  insecure  frame,  without  the  restriction 
that  the  enclosure  walls  must  be  carried  up  at  the  same  time — remov- 
ing the  only  element  which  might  possibly  have  prevented  collapse, 
as  it  no  doubt  has  in  many  cases  of  equally  bad  design.  The  curtain 
"walls  named  in  Sec.  37  were  not,  in  the  minds  of  the  framers  of  the 
code,  intended  to  include  any  exterior  walls,  but  referred  to  non-bear- 
ing, interior  division  walls  only. 

The  present  law  is  weak,  in  so  far  as  it  lacks  requirements  for 
proper  superintendence,  and  the  "regulations"  of  the  Department 
on  this  point  are  no  better.  This  could  be  remedied  by  an  amend- 
ment requiring  that:  No  building  shall  hereafter  be  erected  without 
the  continuous  direction  and  superintendence  of  an  architect,  or  civil 
engineer,  who  shall  have  had  at  least  five  years'  experience  in  build- 
ing construction;  no  work  shall  be  commenced  until  the  name  and 
address  of  such  superintendent  is  filed  with  the  Bureau  of  Build- 
ings, and  all  changes  of  superintendent  during  construction  shall  be 
similarly  certified  to  said  bureau. 

The  influence  of  the  American  Institute  of  Architects  could  be  very 
properly  exerted  for  the  enactment  of  such  a  section.  It  would  tend 
to  break  up  the  present  pernicious  practice  of  architects  engaged  on 
speculative  work,  who  accept  commissions  for  the  making  and  filing 
of  plans,  leaving  the  execution  of  the  work  to  incompetent  or  un- 
scrupulous persons. 

Too  often,  this  early  termination  of  relations  between  architect 
and   client,  is  only  apparent,  and  at  times  results  in  deceiving  the 

*  Chap.  33,  Gen.  Laws,  Art.  1— Sec.  20,  as  amended  by  Chap.  192— laws  of  1899. 
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jjublie   aiitliorities.     Proof  of  such  continued  relationship,  however,  Mr.'Just. 
is  shown  when  these  architects,  as  is  often    the  case,  permit  them- 
selves to  be  nsed  to  harass  the  contractors,  for  the  benefit  of  their 
speculative  employers. 

H.  DE  B.  Paesons,  M.  Am.   Soo.  C.  E.   (by  letter). — The  writer  was  Mr.Parsons. 
retained  by  the  District  Attorney  for  the  purpose  of  reporting  on  the 
cause  of  the  collajjse  of  the  Hotel  Darlington.     Therefore,  in  the  i)aper, 
he  confined  himself  to  a  rehearsal  of  the  facts  as  found,  coupled  with 
his  opinion  of  the  cause  of  the  collapse,  as  contained  in  his  report. 

The  outside  walls  along  the.  edge  of  the  lot  were  continuous  from 
the  foundation,  with  the  exception  of  a  portion  of  the  rear  wall,  which 
was  carried  on  girders  located  at  the  ground-floor  level.  The  walls 
around  the  light  wells  were  curtain  walls. 

The  column  schedule  given  in  Table  1  does  not  refer  to  any  jiarti- 
cular  column.     Table  2  gives  the  sizes  of  Columns  2,  35  and  36. 

The  holes  in  the  girders  and  beams  had  no  regular  size,  but  varied 
from  tI  ii-  to  1  in.  in  diameter.  It  makes  very  little  diflference  what 
the  exact  size  of  the  hole  is,  as  long  as  it  is  larger  than  the  bolt, 
when  the  effect  of  lateral  stiffness  is  considered.  In  every  case  the 
bolts  were  slack  in  their  holes. 

The  writer  has  no  knowledge  of  the  estimated  weights  for  live  load 
or  for  dead  load  which  were  used  by  the  architect,  or  by  the  builder, 
in  calculating  the  strength  of  the  building. 

TABLE  2. — Sizes  of  Columns  2,  35  and  36  of  the  Hotel  Daklington. 


Mark. 

Column  2. 

Column  35. 
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Paper  No.  979. 

THE  GATUN  DAM.* 

By  C.  D.  Ward,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Charles  L.  Harrison,  M.    Am.    Soc.    C.  E. 


In  a  paper,t  entitled  "  Inter-Oceanic  Canal  Projects,"  by  A.  G. 
Meuocal,  M.  Am.  Soc.  C.  E.,  it  is  stated  that  the  Government  Com- 
mission, api)ointed  in  1875,  reported,  as  to  a  canal  with  locks,  from 
Colon  to  Panama,  as  follows: 

"The  river  (Chagres)  is  proposed  to  be  crossed  bv  means  of  an 
aqueduct  having  twelve  spans  of  90  ft.  each,  1  900  ft.  extreme  length, 
65  ft.  wide  and  26  ft.  deep." 

In  discussing  this  paper,  J  the  late  Ashbel  Welch,  Past-President, 
Am.  Soc.  C.  E.,  a  thorough  and  noted  canal  engineer  in  his  day, 
said : 

"The  first  thought  of  an  American  canal  and  river  engineer,  on 
looking  at  M.  de  Lesseps'  raised  map,  is  to  convert  the  valley  of  the 
lower  Chagres  into  an  artificial  lake,  some  20  miles  long,  by  a  dam 
across  the  valley  at  or  near  the  point  where  the  proposed  canal  strikes 
it  a  few  miles  from  Colon,  such  as  was  advocated  by  Mr.  C.  D.  Ward." 

The  site  proposed  for  this  dam  was  at  Gatun,  7.5  miles  from  deep 
water  at  Colon,  the  end  of  the  canal.      But,  as  is  well  known,  the  use 

*  Presented  at  the  meeting  of  May  18th,  1904. 

t  Transactions,  Am.  Soc.  C.  E.,  1879,  Vol.  VIII,  p.  311. 

t  Transactions,  Am.  Soc.  C.  E.,  1880,  Vol.  IX,  p.  148. 
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of  locks  was  not  to  be  thought  of  uncler  M.  de  Lesseps  domination, 
and  a  sea-level  canal  was  commenced  in  1883. 

In  1H87  it  was  at  last  decided  that  locks  would  have  to  be  used, 
and  from  that  time  to  the  present,  various  locations  and  elevations  for 
the  necessary  locks  have  been  suggested,  and  different  sites  for  the 
great  dam  selected. 

The  New  Panama  Canal  Company  and  the  Isthmian  Canal  Com- 
mission of  1899,  the  latest  authorities,  agree  in  locating  the  dam  near 
Bohio,  16.5  miles  from  deep  water  at  Colon,  or  9  miles  farther  up 
stream  than  Gatun,  the  location  siiggested  by  Mr.  Welch  in  1880. 

Furthermore,  the  Isthmian  Canal  Commission  says  in  its  report 
that  "no  location  suitable  for  a  dam  exists  on  the  Chagres  River 
below  Bohio.  "* 

The  late  George  S.  Morison,  Past-President,  Am.  Soc.  C.  E.,  a 
member  of  the  Isthmian  Canal  Commission,  commenced  his  pajjer  on 
the  Bohio  Dam,  which  was  presented  to  this  Society  on  March  .5th, 
1902,t  with  this  sentence: 

"  All  engineers  who  have  examined  the  route  of  the  Panama  Canal 
agree  that  the  neighborhood  of  Bohio  is  the  only  available  location 
for  the  dam  by  which  the  summit  level  must  be  maintained." 

Neither  of  these  authorities  mentions  or  gives  any  consideration 
to  the  pi-oject  of  a  dam  at  Gatun,  nor  even  condemns  it;  nor  is  the 
writer  aware  that  any  soundings  or  other  examinations,  looking  to  a 
dam  at  that  point,  have  ever  been  made. 

As  this  question  may  be  worthy  of  more  consideration  than  it 
seems  to  have  received,  some  of  its  advantages  may  be  stated.  The 
canal,  as  proposed  by  the  latest  authority,  the  Isthmian  Canal  Com- 
mission, may  be  briefly  described  as  follows:  From  deep  water  in 
Colon  Harbor  to  the  Bohio  Locks,  the  Atlantic  Maritime  Level,  cut 
mostly  through  the  low  flat  valley  of  the  Chagi-es,  will  be  16.81  miles 
long.  The  two  Bohio  Locks,  with  a  lift  of  45  ft.  each,  reach  the  Bohio 
Lake,  formed  by  the  Bohio  Dam,  with  a  maximum  elevation  of  90  ft. 
above  tide  in  Colon  Harbor  and  an  area  of  38.5  sq.  miles.  The  summit 
level  thus  attained  extends  through  the  Culebra  Cut.  The  distance 
from  the  Bohio  Locks  to  the  Culebra  Cut  is  13.61  miles,  and  from 
thence  through  the  Culebra  Cut  to  the  Pedro  Miguel  Locks  at  the 
farther  end  of  the  level  the  distance  is  7.91  miles.     The  maximum 

*  "  Report  of  the  Isthmian  Canal  Commission,"  1899-1901,  p.  90. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLVIII.  p.  2do. 
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combiued  fall  of  these  two  locks  is  62  ft.  From  Pedro  Miguel  Locks 
a  level  of  1.33  miles  extends  to  Mirafiores  Lock,  which  has  a  maximum 
fall  of  38  ft.  to  mean  low  tide  in  Panama  Harbor.  For  a  distance  of 
4.12  miles  beyond  this  lock  the  canal  extends,  through  the  low  swampy 
country  in  which  the  Rio  Grande  flows,  to  a  point  known  as  La  Boca, 
on  the  edge  of  Panama  Bay.  A  dredged  channel  extends  from  this 
point  4.41  miles  to  the  C-fathom  line  in  Panama  Bay. 

Allowing  0.90  mile  for  the  various  locks,  the  total  length  of  canal 
is  49.09  miles. 

As  to  the  suggested  dam  at  Gatun,  the  New  Panama  Canal  Com- 
pany has  made  a  contour  map  of  the  region  where  the  dam  Avould 
probably  be  located,  if  at  all.  This  map  is  reproduced  as  Plate 
I,  and  from  it  the  writer  has  constructed  a  section  on  the  pro- 
posed center  line  of  the  dam.  This  section  indicates  the  surface  of 
the  ground,  but,  unfortunately,  does  not  show  the  rock  or  other  solid 
foundation.  If  a  dam  were  built  here,  imi^ounding  the  water  to  an 
elevation  of  90  ft.,  then,  of  course,  the  Bohio  Dam  and  the  locks  and 
spillway  would  be  omitted,  and  locks  would  be  built  at  Gatun. 

The  length  of  the  dam  would  be  6  750  ft. ,  while  the  length  of  the 
Bohio  Dam  is  2  546  ft.  The  area  of  the  section  is  nearly  three  times 
that  at  Bohio;  therefore,  it  might  not  be  out  of  the  way,  for  the 
l^resent,  to  say  that  the  cost  of  the  Gatun  Dam  would  possibly  be 
three  times  that  estimated  for  the  Bohio  Dam,  or  Sl9  108  920.  At 
present,  there  seems  to  be  no  reason  to  think  that  the  locks  would 
cost  more  at  one  jjlace  than  at  the  other,  but  the  spillway  should  be 
somewhat  longer,  and  might  cost  more.  There  may  be  a  question 
whether  the  hills  to  the  west  of  Gatun  are  high  enough  to  contain  the 
Gatun  Lake  at  an  elevation  of  90  ft.,  but  the  raised  map  made  by  the 
New  Panama  Canal  Company,  a  reproduction  of  which  is  to  be  seen  at 
Columbia  University,  indicates  sufficiently  high  ground.  The  lake 
would  extend  far  up  the  valley  of  the  Kio  Gatun  on  the  east  and  the 
Eio  Trinidad  on  the  west,  and  submerge  the  Chagres  Valley  for  9  miles, 
including  the  Aqua  Clara,  Pena  Blanca,  Vino  Tinto  and  Bruja  Swamps, 
cover  20  or  30  sq.  miles  of  swamjjy  land,  and  thus  improve  the  hcalth- 
fulness  of  the  country.  This  lake  area  added  to  the  38.5  sq.  miles  of 
the  Bohio  Lake  would  be  a  benefit  in  every  way  and  Avould  render 
the  Alhajuela  Dam  on  the  Upper  Chagres  unnecessary.  Between 
Gatun   and   Bohio  the  excavation   of  the   sea-level   canal,    the   Pena 
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Blanca  Swamp  outlet  to  Aqua  Clara  Swamp,  the  Chagres  diversion 
irom  Aqua  Clara  Swamp  to  near  Gatun  and  the  diversion  of  the 
Bio  Gatun,  would  become  unnecessary,  and  their  cost  would  be 
saved.  These  items  amount  to  !$14  635  604,  a  sum  large  enough  to 
pay  the  assumed  extra  cost  of  the  Gatun  Dam  and  leave  about 
^2  000  000  to  pay  for  changing  the  line  of  the  Panama  Railroad  and 
the  possible  additional  cost  of  the  spillway.  If  these  assumptions 
should  prove  practicable,  the  result  would  be  a  better  and  safer  canal, 
shorter  time  of  transit,  and  more  healthy  conditions,  all  at  no  greater 
cost  and  with  lower  maiuteuance  charges. 

If  a  dam  at  Gatun,  with  an  elevation  of  90  ft.,  were  found  inad- 
visable, one  of  4:5  ft.  elevation  might  be  built  and  the  Bohio  Dam  and 
Lake  retained.  Then  the  lower  Bohio  Lock  would  be  omitted  and 
established  at  Gatun  and  a  spillway  built  there  also.  The  cost  of  the 
45-ft.  Gatun  Dam  might  be  assumed  at  812  000  000,  about  twice  the 
estimated  cost  of  the  Bohio  Dam.  Its  length  would  be  5  150  ft.  The 
head  on  the  Bohio  Dam  would  be  reduced  from  90  to  45  ft.,  and  the 
danger  from  seepage  greatly  reduced. 

It  seems  quite  possible  that  with  this  45-ft.  dam  the  total  cost  of 
the  canal  would  be  reduced  a  few  million  dollars  below  the  figure 
named  in  the  report  of  the  Isthmian  Canal  Commission. 

Turning  from  the  Colon  end  of  the  Canal  to  the  Panama  end,  it 
appears  that  from  the  Miraflores  Locks  to  La  Boca,  a  distance  of  4.12 
miles,  the  canal  is  to  be  excavated  at  sea  level  through  a  low  swampy 
country,  with  occasional  rock,  at  a  cost  of  §10  963  458.  It  is  sug- 
gested, as  a  plan  worth  consideration,  that  this  lock  be  located  at  La 
Boca,  that  a  dam  and  spillway  be  built  there  and  that  the  4.12  miles 
of  swamp  be  thus  flooded,  thus  affording  better  and  safer  navigation 
than  would  be  had  in  a  narrow  channel.  The  main  dam  would  proba- 
bly be  a  mile  long,  with  two  or  three  shorter  dams,  and  might  cost  no 
more  than  the  excavation  of  the  4.12  miles  of  canal  that  would  be 
saved.  The  malarial  swamp  would  be  submerged,  also.  With  the  20- 
ft.  rise  and  fall  of  tide  at  Panama,  the  inrush  and  outrush  of  the  water 
in  that  4.12  miles  of  sea-level  canal  might  incommode  navigation.  All 
this  would  be  done  away  with  if  the  last  lock  was  placed  at  La  Boca. 

Recurring  to  the  suggested  45-ft.  Gatun  Dam,  with  its  large  lake, 
the  plan  of  reducing  the  elevation  of  the  summit  level  from  90  to  45  ft. 
may  be  briefly  considered.  This  elevation  is  suggested,  as  45  ft.  seems 
to  be  the  maximum  permissible  lift  for  a  lock. 
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The  elevation  of  90  ft.  for  the  Bohio  Dam  seems  to  have  been  se- 
lected with  reference  to  flood  control  and  in  order  that  the  resulting 
lake  should  have  an  area  lai-ge  enough  to  supjjly  water  for  lockage^ 
seepage  and  evaporation  during  the  dry  months,  without  too  great 
a  change  in  the  elevation  of  the  surface  of  the  lake. 

The  45-ft.  dam  at  Gatun  would  be  so  much  farther  down  stream 
that  it  might  be  expected  to  form  as  large  a  lake  as  the  90-ft.  Bohio- 
Dam  and  perform  all  the  functions  of  the  Bohio  Lake. 

With  one  lock  at  Gatim  and  one  at  La  Boca,  each  of  45  ft.  lift,  the 
lockage  would  be  reduced  to  a  minimum,  and  rajaidity  and  safety  of 
transit  would  be  secured.  The  cost  of  the  modified  project  might  be 
as  follows : 

Colon  entrance  and  Harbor $8  057  707 

Colon  Harbor  to  Gatun 942  29a 

.      Gatun  Dam,  Spillway  and  Locks 19  000  000 

Lake  Gatun,  uj^per  end  to  Obispo 20  000  000 

Obispo  gates 295  434 

Culebra  Section 63  500  000 

La  Boca  Dam,  Locks  and  Siiillway 15  000  000 

La  Boca  to  deep  water 1  464  513 

Panama  Railroad  diversion 1  000  000 

129  259  947 
Add  20% 25  851  989 

Total $155  111  93ft 

The  estimate  made  by  the  Isthmian  Canal  Commission,  with  the 
summit  level  at  90  ft.,  was  fl44  233  358. 

The  suggestions  of  24  years  ago  have  thus  been  elaborated  and  jjre- 
sented  in  this  short  paper  in  the  hope  that,  in  the  discussion,  it  will 
appear  whether  examinations  have  been  made,  by  any  of  the  various 
commissions  or  others,  as  to  the  practicability  of  a  dam  at  Gatun,  and, 
if  so,  with  what  result. 

If  it  should  appear  that  such  examinations  have  not  been  made> 
it  is  hoped  that  this  j^aper  will  induce  those  in  authority  to  make  such 
examinations  before  deciding  uijou  the  tinal  plans  for  the  Panama 
Canal. 
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DISCUSSION. 


Chaeles  L.  Hakrison,  M.  Am.  Soo.  C.  E. — Mr.  Ward's  suggestion  Mr.  Harrison, 
tbat  the  dam  and  locks  for  controlling  the  waters  of  the  Chagres 
River  and  Panama  Canal  on  the  Atlantic  side  be  built  at  Gatiin  instead 
of  Bohio,  is  pi'esented  for  consideration  and  not  as  a  final  project.  In 
the  absence  of  definite  information  as  to  the  foundations,  no  attempt 
is  made  to  give  a  detailed  design,  nor  to  make  an  accurate  estimate  of 
cost.  For  the  purpose  of  giving  an  approximation  to  the  cost,  the 
author  has  made  a  comparison  with  the  dam  at  Bohio,  as  proposed  by 
the  Isthmian  Canal  Commission,  which  is  perhai)s  the  best  that  can 
be  done  in  that  direction,  in  the  light  of  present  information  on  the 
subject.  It  is  very  unsatisfactory  for  the  purijoses  of  this  discussion 
to  have  so  little  information  concerning  the  character  and  extent  of 
the  material  overlying  the  bed-rock  at  the  proposed  location  of  the 
dam.  As  far  as  the  speaker  knows,  no  borings  have  been  made  on 
any  part  of  this  line  for  the  purpose  of  determining  the  elevation  of 
the  bed-rock.  However,  some  comparatively  shallow  excavations  have 
been  made  in  this  vicinity  in  excavating  the  Panama  Canal  and  the 
Diversions  for  the  Gatuncillo  and  Chagres  Eivers. 

Starting  at  the  Pacific  Coast,  near  the  City  of  Panama,  the  general 
line  of  the  canal  runs  in  a  northerly  direction  to  the  Atlantic  near 
Colon ;  but,  to  avoid  confusion  in  the  directions,  it  will  be  considered 
as  running  north  and  south,  and  that  part  of  the  Isthmus  extending 
toward  South  America  as  being  to  the  east.  The  range  of  mountains 
between  the  two  oceans,  and  approximately  parallel  to  their  coasts,  is 
of  volcanic  origin.  This  range  of  mountains — of  moderate  height  for 
the  entire  length  of  the  Isthmus  between  North  and  South  Amei-ica — 
is  the  only  regular  feature  of  the  formation.  In  the  vicinity  of  the 
Panama  Canal  the  surface  of  the  ground  was  left  in  very  irregular 
ridges,  valleys  and  knolls  or  hills.  The  Caribbean  Sea  at  one  time 
extended  over  the  entire  area  of  what  is  now  the  alluvial  swamps  of 
the  Chagres  River,  as  far  inland  as  Bohio,  where  it  was  connected 
through  a  narrow  channel  with  a  bay  extending  over  the  area  ai:)prox- 
imating  in  outline  the  lake  which  would  be  formed  after  constructing 
the  proposed  Bohio  Dam.  To  the  east  of  Obispo  there  existed  a  large 
area  with  no  direct  outlet,  north  or  south,  to  either  the  Atlantic  or 
Pacific  Oceans,  and  the  drainage  from  it  flowed  west  to  Obispo  and 
thence  north  in  the  lowest  valley  to  the  Atlantic.  The  heavy  tropical 
rains,  falling  on  soil  unprotected  by  vegetation,  evidently  carried 
large  qiiantities  of  silt  toward  the  sea,  and  resulted  in  first  filling  up 
the  valley  between  Obispo  and  Bohio  and  later  forming  the  swamps 
between  Bohio  and  the  sea.  This  seems  to  be  the  probable  geological 
historv  of  the  formation  of  the  present  Chagres  River  and  the  low 
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Mr.  Harrison,  lands  adjacent  to  it.  It  is  possible  that  there  may  have  been  consider- 
able subgidence  of  the  coastal  territory,  as  seems  fairly  well  established 
some  distance  westward  along  the  Nicaragua  Coast.  In  making  the 
borings  at  the  site  of  the  Bohio  Dam,  pieces  of  timber  were  encoun- 
tered at  a  depth  of  about  100  ft.  below  sea  level,  and,  in  one  hole,  a 
log  of  at  least  1  ft.  in  diameter  was  found  at  this  depth.  Also,  in 
places,  sand  to  a  depth  of  100  ft.  overlies  the  bed-rock.  These  data 
indicate  that  at  one  time  the  bed  of  the  stream  corresponded  with  the 
present  rock  surface,  and  that  the  entire  deposit  overlying  it  was 
formed  in  running  water. 

Between  Bohio  and  the  sea  a  great  many  knolls  of  rock  i^roject  in 
the  ancient  valley.  Some  have  their  tops  about  level  with  the  present 
swamps,  others  are  many  feet  below  it,  and  still  others  exist  as  rocky 
islands.  With  such  an  irregular  formation,  and  in  the  absence  of 
borings,  the  depth  to  rock  between  these  knolls  cannot  be  guessed 
with  any  degree  of  probability.  In  fact,  some  of  the  knolls  which 
project  above  the  swamp  are  not  shown  on  the  existing  contour  maps 
of  this  territory.  This  is  not  surprising  Avhen  the  great  difficulties  of 
making  surveys  in  that  country  are  known.  The  low  lands  are  cov- 
ered with  a  tropical  growth  so  dense  that  it  is  impossible  to  see  into 
it  more  than  a  few  feet,  and  lines  must  be  cut  to  every  point  where  an 
elevation  is  to  be  taken.  It  is  possible  to  run  a  line  within  100  ft.  of 
£i  hill  from  30  to  40  ft.  high  and  not  discover  its  existence.  Just 
south  of  the  west  end  of  the  proposed  Gatun  Dam,  Plate  I,  will 
be  seen  an  excavation  starting  from  the  Chagres  River.  It  is  related 
"that  when  this  cut  was  begun  it  was  intended  to  connect  with  a  tan- 
gent of  the  cut  north  of  the  proposed  Gatun  Dam,  and  thus  form  a 
channel  for  diverting  the  waters  of  the  Chagres;  but,  after  the  work 
had  progressed  for  the  distance  from  the  river  shown  on  the  map,  a 
rocky  hill  was  discovered — the  existence  of  which  had  not  been  known 
before — and  the  diversion  channel  was  moved  further  down  stream,  as 
shown.  A  heavy  wooded  growth,  not  only  makes  surveys  difficult 
-and  expensive,  but  conceals  the  irregularities  of  the  ground  surface. 

Evidently,  the  existing  contour  maps  were  not  intended  to  be  made 
in  that  detail  and  extent  necessary  to  give  the  information  for  locating 
a,  dam  to  be  built  to  a  height  of  100  ft.  above  sea  level  in  the  neighbor- 
hood of  Gatun.  It  is  possible  that  careful  surveys  would  develop  the 
necessity  of  building  dams  or  dikes,  other  than  the  one  shown  on  Plate 
I,  to  impound  Avater  at  Elevation  90  in  the  lake.  The  existence  of 
a  proper  location  for  a  si^illway  to  discharge  the  flood  waters  of  the 
Charges  is  a  very  important  item.  If  located  near  the  east  end  of  the 
■dam,  it  would  be  expensive  and  would  discharge  the  water  into  the 
canal  below  the  dam,  unless  this  were  obviated  by  constructing  for  it 
a  separate  diversion  channel  to  the  sea.  A  small  channel  has  already 
been  excavated  for  diverting  the  waters  of  the  Rio  Gatuncillo  and  the 
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Mintli,  but  it  would  liave  to  l)e  enlarged  very  much  to  take  the  flood  Mr.  Harrison, 
waters  of  the  Chagres.     By  locating  the  si^illway  near  the  west  end  of 
the  dam,  the  floods  would  discharge  through  the  Chagres  into  the  sea 
without  interfering  with  the  canal,  but  a  good  location  for  it  is  not 
shown  on  the  maps. 

With  existing  data  as  to  the  contour  of  the  country  and  the  char- 
acter of  the  foundations,  it  seems  to  be  impossible  to  make  an  estimate 
of  the  cost  ot  the  Gatun  Dam,  or  to  make  a  satisfactoi-y  design.  For 
the  purpose  of  making  the  estimate  of  cost,  the  author  has  compared 
its  length  with  that  of  the  dam  at  Bohio  proj^osed  by  the  Isthmian 
Canal  Commission.  This  may  not  be  a  proj^er  comparison.  The  length 
of  the  Gatun  Dam  may  be  greater  than  estimated,  and  the  depth  to 
rock  foundation  is  an  unknown  quantity.  In  the  jjaper*  on  "The 
Bohio  Dam,"  by  the  late  George  S.  Morison,  Past-President,  Am.  See. 
C.  E.,  is  given,  in  Fig.  2,  the  location  of  several  sections  where  borings 
were  made.  The  ci-oss-seetions  of  the  valley,  on  these  lines,  are  shown 
in  Fig.  3.  It  will  be  seen  that  Sections  G,  B,  C  and  D  are  all  shorter 
than  Section  F,  and  that  the  depth  of  rock  on  Section  F  is  less  than 
on  any  of  the  others.  In  the  last-named  location  the  greatest  depth 
to  rock  is  west  of  the  river,  and  not  under  its  present  bed,  which,  for 
reasons  that  need  not  be  given  in  detail  here,  was  considered  a  favor- 
able circumstance.  Although  the  depth,  even  here,  was  greater  than 
at  any  other  place  where  foundations  of  magnitude  have  been  attempted 
heretofore  by  the  pneumatic  process,  the  adoption  of  this  location  for 
this  purpose  seemed  advisable.  The  Isthmian  Canal  Commission, 
therefore,  selected  a  location  where  the  bed-rock  was  highest,  though 
it  gave  a  greater  length  of  dam.  Doubtless,  it  was  of  the  opinion  that 
the  cost  of  construction  on  this  line  would  be  less  -p&x  linear  foot  than 
on  any  of  the  other  lines,  and  the  hazards  of  construction  much  less. 
In  view  of  the  unknown  depth  to  good  foundations  at  Gatun,  the  cost 
of  that  dam  jier  linear  foot  may  diff'er  very  markedly  from  the  one  at 
the  Bohio  location.  That  the  cost  would  be  very  great,  there  is  no 
doubt,  but  the  data  are  not  suilicient  to  make  even  an  approximate 
estimate. 

It  is  siiggested  that  in  case  the  90-ft.  dam  is  thought  inadvisable, 
one  to  impound  the  water  at  Elevation  45  might  be  built.  This  is  o^^en 
to  the  same  objection  as  the  90-f  fc.  dam,  though  the  risk  might  not  be 
as  great. 

"This  elevation  is  suggested,  as  45  ft.  seems  to  be  the  maximum 
permissible  lift  for  a  lock."  Why  this  is  so  is  not  clear.  The  lock 
walls  can  be  built  just  as  strong  for  a  50- ft.  lift  as  for  a  45-ft.  lift.  The 
uncertainty,  if  any,  must  then  exist  in  the  lock  gates.  These  would 
be  of  metal,  and  could  as  well  be  designed  to  withstand  the  water 
pressure  due  to  a  50-ft.  head  as  for  that  due  to  a  45  ft.  head.  Abridge 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLVHI,  p.  235. 


44  DISCUSSION    ON   THE    GATUN    DAM. 

Mr.  Harrison,  of  100-ft.  span  can  be  designed  to  carry  a  load  of  100  lbs.  per  square 
foot,  and  one  of  500-ft.  sjian  can  be  designed  to  carry  the  same  load. 
One  would  not  be  considered  less  safe  than  the  other  under  this  load- 
ing. The  same  reasoning  can  be  applied  to  lock  gates.  Under  some 
conditions,  the  quantity  of  water  used  at  each  lockage  might  be  a  con- 
trolling factor  in  determining  the  lift.  If  it  is  assumed  that  the  gates 
will  be  wrecked  by  vessels:  such  accidents  are  as  likely  to  happen  to 
one  as  to  the  other.  The  loss  of  water  from  the  reservoir,  when  the 
lift  of  the  lock  is  greater  than  the  depth  of  the  channel,  will  be  the 
same  in  each  case,  as  it  is  controlled  by  the  elevation  of  the  upj^er 
miter  sill.     It  is  believed  that  the  lift  of  the  lock  need  not  limit  to 

45  ft.  the  height  of  the  alternate  dam.  The  Board  of  Engineers  on 
Deep  Waterways,  in  June,  1900,  reported  on  a  ship  canal  from  the 
Great  Lakes  to  the  Atlantic  tide  waters,  and  recommended  a  lock  of 
52-ft.  lift  on  that  i^art  of  the  canal  between  the  St.  Lawrence  Eiver 
and  Lake  Champlain.  There  seems  to  be  no  reason  why  it  could  not 
be  built  and  operated  successfully. 

It  is  also  possible  that  the  advantages,  in  navigating  a  broad, 
shallow  channel,  over  those  of  a  restricted,  well-defined  channel,  are 
over-estimated. 

In  all  the  studies  for  a  high-level  canal  at  Panama,  the  dam  on  the 
Atlantic  slope  has  presented  the  greatest  difiiculties,  and  has  seemed 
to  be  recognized  as  the  least  safe  structure  in  the  entire  project.  If 
this  view  is  correct,  it  would  be  prudent  not  to  increase  these  uncer- 
tainties by  building  the  dam  unnecessarily  long. 

A  study  of  the  contour  maps  and  an  iusj)ection  of  the  country  along 
the  route  of  the  canal  show  that  the  narrowest  jioint  in  the  valley  is 
in  the  vicinity  of  the  projoosed  Bohio  Dam.  If  the  dam  were  located 
above  this,  it  would  be  in  a  wide  basin;  and,  if  below,  it  would  be  in 
the  broad  swamps  of  the  Chagres. 

It  is  intended  in  these  remarks  only  to  point  out  more  fully  the 
physical  conditions,  as  far  as  they  are  known,  at  the  two  sites,  Bohio 
and  Gatun.  It  is  conceivable,  although  extremely  improbable,  that 
further  surface  and  sub-surface  examinations  at  the  Gatun  location 
may  reveal  conditions  making  the  comparison  more  favorable  to  it 
than  the  in*esent  information  would  indicate. 

The  dam  jsroposed  at  La  Boca,  near  the  Pacific  terminus  of  the- 
canal,  seems  even  less  advisable  than  the  Gatun  Dam. 
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Since  Seddon  published  his  paper  on  "Cleaning  Water  by  Settle- 
ment,"f  there  has  been  but  little  published  discussion  on  the  theory 
of  this  subject,  but  the  practice  of  building  and  operating  sedimenta- 
tion basins  has  advanced  materially.  For  example,  it  has  been  found 
in  St.  Louis  that  continuous  operation,  that  is  to  say,  a  continuous 
flow  of  water  into,  through  and  out  of  the  basin,  gives  quite  as  good 
results  as  the  intermittent  operation  which  was  studied  by  Seddon, 
and  the  new  arrangement  allows  the  effluent  to  be  delivered  at  a  higher 
level,  the  economical  advantage  of  which  is  evident.  The  use  of 
baffles  has  also  been  learned,  and  it  has  been  shown  clearly  that  a 
well-baffled  basin  will  do  as  much  work  as  a  much  larger  basin  without 
baffles.  A  discussion  of  the  subject  from  a  theoretical  standpoint,  in 
view  of  these  developments,  may  lead  to  a  better  understanding  of  it, 
to  the  collection  of  better  data,  and  to  improvements  in  design. 

The  processes  which  take  place  in  sedimentation  are  extremely 

complex;  to  discuss  them  at   once  in  their  entirety  seems  hopeless. 

First,  conditions  much  simpler  than  those  which  actually  exist  must 

*  Presented  at  the  meeting  of  June  1st,  1904. 

t  Journal  of  the  Association  of  Engineering  Societies,  1889.  p.  477. 


46  ON    SEDIMENTATION. 

be  assumed,  and  from  these  simple  assumjitions  tlie  more  complex 
conditious  can  be  approached. 

Genekal  Assumptions. 

Let  it  be  assumed,  first,  that  whenever  a  particle  of  susjiended 
matter  hits  the  bottom  it  remains  where  it  strikes  and  is  never  carried 
forward  on  the  bottom  or  picked  up  again;  second,  that  all  the  sedi- 
ment in  the  water  Ij^s  of  the  same  hydraulic  value;  that  is  to  say,  that 
every  particle  settles  through  water  at  the  same  rate  as  every  other 
particle.  > 

Let    t  =  the  time  required  for  a  particle  of  sediment  to  fall  from 
the  su:^face  to  the  bottom  of  the  water  in  the  basin,  the 
water  i|ieanwhile  being  absolutely  still ; 
a  =  the  time  lof  sedimentation  in  case  the  action  is  intermit- 
tent; and,  in  case  of  continuous  operation,  let  a  be  the 
quotient  obtained  by  dividing  the  capacity  of  the  basin 
by  tt/e  quantity  of  water  entering  or  leaving  it  during 
each  unit  of  time; 
n  =  the  number  of  basins,  in  case  several  basins  are  used  suc- 
cessively; 
X  =  the  proportion  of  sediment  remaining  at  the  end  of  the 
process,  the  amount  at  the  beginning  being  taken  as 
unity. 
Proposition  1. — Assume  a  basin  full  of  u'ater  containing  sediment,  the 
water  beinr/  ahsolutely  at  rest  and  so  remaining. 

Under  these  conditions,  each  particle  of  sediment  will  settle  toward 
the  bottom  at  its  determined  velocity.  At  the  end  of  a  certain  period 
all  the  particles  will  have  been  removed  from  a  top  layer  of  water, 
which  layer  will  be  as  thick  as  the  distance  that  a  particle  will  fall  in 
the  elapsed  interval,  while  an  amount  of  sediment  equal  to  that 
originally  contained  in  the  cleared  layer  at  the  top  will  have  been 
dejiosited  upon  the  bottom.  The  time  required  for  the  removal  of  all 
the  sediment  will  be  the  time  required  for  a  particle  to  settle  from 
top  to  bottom,  or  t;  and  the  proportion  removed  in  a  shoi'ter  period, 

a,  will  be  —  ;  and   the   projiortion    remaining  will    be   one,'_^less  this 


t 
amount.     We  then  have: 

a 


, w 
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The  values  of  .r  for  various  values  of  —  are   plotted   in   Fig.   1  as 


Line  A. 
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-T-t  or  Time  of  Settling,  in  Terms  of  Time  Required  for  One  Particle  to  Settle  from  Top  to  Bottom. 

FiC.   1. 

In  an  actual  settling  basin  the  water  is  mixed  more  or  less  from  top 
to  bottom  in  the  process,  with  the  result  that  the  sediment  does  not 
go  down  in  the  manner  indicated  by  the  assumiition.  The  most 
important  causes  of  motion  are: 

1. — The  kinetic  energy  of  the  water  as  it  enters,  which,  according 
to  Seddon,  is  still  capable  of  producing  vortex  motion  after  long 
periods,  but  which  can  be  much  reduced  by  controlling  the  water  at 
the  entrance  so  that  it  has  only  a  very  low  velocity. 

2. — The  action  of  wind  (acting  in  ojjen,  but  not  in  covered,  basins). 

3. — Changes  in  temperature,  which,  even  though  slight,  change  the 
specific  gravity  of  the  water  and  jiroduce  currents  in  it. 

A  development  of  this  jiroposition,  and  of  tbe  motions  of  the 
water,  and  the  resultant  mixings,  is  given  in  much  detail  in  Seddon's 
paper. 

Proposition  2. — Assume  a  basin  containing  water,  with  sediment  as 
be/ore;  and  assume  that  the  water  is  kept  mixed  during  the  process  of  sedi- 
mentation to  such  an  extent  that  the  density  of  the  sediment  in  all  parts  of 
the  basin  is  ahcays  the  same. 

In  a  jDeriod  of  time,  d  a,  the  movement  of  water  in  mixing  will  be 
inappreciable.     The  proportion  of  sediment  remaining  after  the  expi- 
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ration  of  this  period,  according  to  Equation  1,  will  l)e  1 ^    .     Now, 

tlie  sediment  remaining  after  each  subsequent  interval,  d  a,  will  be  the 
same  jH'oportion  of  the  amount  present  at  the  beginning  of  that  inter- 
val as  it  was  after  the  first  interval.  If,  therefore,  the  proportion  re- 
maining after  the  first  interval  be  multiijliod  by  itself  as  many  times 
as  there  are  intervals,  the  amount  left  at  the  end  of  the  ])eriod  will  be 

obtained.     The  number  of  intervals  will  be    —  ,  and  Ave  have 

..=  (i-:if)j^ (2) 

To  solve  this,  make  a  =^  t  and  develop  by  the  binomial  theorem.  It  is 
then  found  that  when  -^  =  1,  .r  =  0.367878.      The  values    of  x  for 

other  values  of  —  can   be  computed   from  this  value   by   the   use  of 

logarithms,  and  these  values  are  plotted  in  Fig.  1  as  Line  D. 

The  mixing  assumed  is  obviously  more  complete  than  could  exist. 
To  maintain  it  would  require  infinite  velocities.  This  condition  is 
imi^ossible,  but  as  it  represents  one  limit  of  a  series,  the  intermediate 
terms  of  which  do  exist,  a  consideration  of  the  conditions  at  the  limit 
aids  in  the\study  of  actual  conditions.  If  the  degree  of  mixing  were 
less  than  assumed,  the  rate  of  deposition  would  be  more  rapid. 

Modification  of  Proposition  2. — Assume  that  the  mixing  is  such  as  to 
keep  the  densiii/  of  the  sediment  in  all  parts  of  the  lower  seven-tenths  of  the 
depth  of  the  basin  the  same,  and  that  in  the  upper  three-tenths  of  the  depth 
the  density  of  the  whole  decreases  gradually  from  thefuU  amount  to  nothing 
at  the  surface,  the  average  density  being  nine-tenths  of  the  density  at  the 
bottom. 

This  assumption  agrees  reasonably  well  with  the  observed  densities 
of  sediment  at  different  depths  in  sedimentation  basins.  The  amount 
of  sediment  in  the  whole  basin  will  then  be  nine-tenths  of  what  it 
would  be  if  the  density  of  the  sediment  at  the  bottom  were  maintained 
to  the  top,  and  the  density  in  the  bottom  layer,  from  which  sedimen- 
tation is  taking  place,  will  be  =-—  of  what  it  would  be  if  the  mixing 

were  comi^lete.  The  amount  of  deposit  in  any  interval  of  time  depends 
upon  the  bottom  density,  and  would  thus  be  one-ninth  faster  than  it 
would  be  with  absolutely  complete  mixing.     A  given  value  of  x  will 
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then  be  obtained  in  nine-tenths  of  the  time  that  would  be  required 
for  an  equal  value  of  .v  on  the  assumption  of  complete  mixing. 

This  should  be  corrected  slightly,  because  at  the  outset  the  sedi- 
ment at  the  top  will  be  as  dense  as  below.  The  advantage  only  occurs 
after  the  water  at  the  top  has  commenced  to  clear.  It  can  be  assumed 
that  the  time  required  for  this  initial  cleaning  at  the  top  will  be  0.1  t,' 
and  the  gain  will  amount  to  10%"  of  all  subsequent  time.  The  equa- 
tion of  this  new  line  is  not  computed,  but  is  easily  laid  off  graphically, 
and  it  is  shown  on  Fig.  1  as  Line  C. 

This  line  may  be  taken  as  representing  the  rate  of  deposition  of 
sediment  on  the  intermittent  system.  That  is  to  say,  when  a  basin  is 
filled,  allowed  to  stand  until  settled,  and  then  drawn  off.  To  com- 
pare this  line  with  the  results  obtained  with  basins  operated  with  a 
continuous  flow  through  them,  it  is  necessary  to  take  into  account 
the  reserve  basin  cajjacity  required  for  the  intermittent  system  of 
operation.  That  is  to  say,  the  period  taken  for  computation  covers 
only  the  time  that  sedimentation  is  actually  taking  place.  Before 
this  commences,  the  basin  must  be  tilled;  and,  after  it  is  over,  the 
basin  must  be  emptied.  These  operations  take  time.  The  amount  of 
time  out  of  service  will  be  dej^endent  ujaon  the  conditions  of  service; 
and,  assuming  it  to  be  equal  to  the  time  of  actual  use,  then  twice  as 
much  basin  capacity  will  be  required,  to  produce  a  given  result,  as  is 
indicated  by  this  line.  A  line  drawn  upon  this  basis  on  Fig.  1  is 
marked  E. 

Proposition  3. — Aasume  a  sedimentation  basin  operated  on  the  continu- 
ous plan;  that  is  to  say,  with  wate)'  constantly  entering  at  one  place  and 
leaving  at  another.  Assume  that  the  water  in  the  basin  is  kept  constantly 
and  perfectly  m,ixed,  so  that  the  density  of  sediment  in  all  parts  of  it  is  the 
same. 

As  the  water  in  the  basin  is  always  perfectly  mixed,  the  density 
of  sediment  in  the  mixture  is  the  same  as  it  is  in  the  effluent, 
namely,  .c.     In  a  period,  da,  the  proi)ortion  of  sediment  deposited 

will  be  - — ,  and  the  amount  deposited  will  be  .r  (         )  .  The  amount 

of  water  entering  will  be  ,  and,  as  the  amount  of  sediment  in  this 

a 

water  is  unitv,  the  amount  of  sediment  will  be  — -.     The  amount  of 

sediment  carried  by  the  effluent  will  be  .c  multii^lied  by  this  amount, 
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The  amount  of  sediment  deposited  must  be  the  differ- 
ence between  that  iu   the  water  entering  and  leaving  the  basin,  and 

we  have 

X  d  a da        x  d  a 

t  a  a    ' 


Solving,  we  obtain, 


^ 


\  1  +  T 


(3) 


t 

The  values  of  x  eomi)uted  from  this  equation  are  shown  in  Fig.  1 
as  Line  1. 

First  Modification  of  Proposition  3. — Assume  that  the  water  near  Ike 
surface  carries  less  sediment  tf/an  the  water  in  the  lower  part  of  the  basin, 
owiing  to  the  fact  that  the  mixing  is  not  complete. 

Sedimentation  will  take  place  more  rapidly  than  is  indicated  by 
the  equation,  and  the  correction  to  be  made  can  be  computed  by  the 
method  used  under  Proposition  2,  and,  on  the  same  assumptions,  it 
will  amount  to  10  per  cent. 

Second  Modification  of  Proposition  3. — Assume  that  the  entering  water 
has  a  velocity  so  great  as  to  prevent  the  deposition  of  sediment  over  a  certain 
4xrea. 

As  far  as  this  is  the  case,  the  rate  of  deposition  for  the  whole  basin 
will  be  less  than  computed,  in  the  proportion  that  the  area  over  which 
the  excessive  velocity  acts  bears  to  the  total  area  of  the  basin. 

The  two  corrections  suggested  by  the  modifications  to  Proposition 
3  act  in  opposite  ways  and  tend  to  balance  each  other. 

Proposition  4. — Assum,e  two  basins  so  arranged  that  the  effluent  from 
one  enters  the  second,  all  the  other  conditions  remaining  as  assumed  tinder 
Proposition  3. 

The  time  period  for  the  first  basin  becomes  — -.  The  proportion  of 
sediment    remaining  after   jiassiug  the   first  basin   will  then   be,  by 

Equation  3,  ,  and  the  proportion  of  this  amount  remaining 

1 ^ 

2/ 

after  passing  the  second  basin  will  be  the  same  as  it  was  in  the  first 
basin,  the  amount  contained  in  the  water  leaving  the  second  basin 
Kvill  then  be  the  square  of  the  proportion  in  the  water  leaving  the 
first  basin,  and  we  have: 

(4) 


■XtW 
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The  values  of  x  computed  by  this  equation  are  shown  in  Fig.  1  as 
Line  2. 

Proposition  5. — Assume  a  series  of  n  basins,  (he  water  /lowing  from 
eoch  to  the  next,  all  other  conditions  remaining  the  same. 

The  computation  will  then  be  the  same  as  under  Proposition  4, 
and  we  have, 

y  1  «v     « 

(5) 


-(^J 


The  values  of  .*•  for  three  basins  are  shown  in  Fig.  1  as  Line  3;  for 
four  basins  as  Line  4;  for  eight  basins,  as  Line  8;  and  for  1(5  basins  as 
Line  16. 

If  a  single  basin  is  very  long,  and  the  flow  through  it  is  very  regu- 
lar, it  is  obvious  that  the  ends  will  have  a  tendency  to  act  separately; 
or,  in  other  words,  to  act  as  if  it  were  two  basins.  The  formula  is 
general,  and  we  can  make  ti  =  1.5  for  use  with  such  single  basins. 
This  line  is  plotted  in  Fig.  1  as  Line  1^. 

Proposition  6. — Assume  an  infinite  number  of  basins,  that  is  to  say, 
absolutely  complete  baffling  and  continuous  forward  movemoit  of  the  tvater 
at  aH points,  mi.ving from  top  to  bottom,  but  with  no  mixing  backward  and 
forward. 

The  value  of  n,  in  Equation  5,  becomes  infinitv,  and  we  have 

M"=  ('-.V)'' (^) 


G  +  iS) 


This  equation  gives  the  same  values  of  .v  as  Equation  2,  and  these 
are  represented  by  Line  D.  In  other  words,  theoretically,  a  sedimen- 
tation basin  operated  on  the  continuous  system  with  absolutely  com- 
plete baffling,  would  give  the  same  results  as  a  basin  on  the  intermittent 
system  kept  absolutely  mixed  from  top  to  bottom. 

Proposition  7. — Assiime  that  there  are  areas,  in  corners,  etc.,  where  the 
wat^'  remains  away  from  the  current  passing  through  the  basin,  and  icith 
little  or  no  exchange  with  it. 

If  these  areas  are  entirely  out  of  circulation,  they  might  as  well 
not  be  there,  and  sedimentation  will  take  place  in  the  remaining  area 
as  if  they  did  not  exist.  If  there  is  some  circulation  between  these 
nearly  dead  areas  and  the  current,  they  wdll  be  of  service.  If  the  cir- 
culation is  sufficient  to  keep  the  density  of  the  sediment  in  the  water 
in  these  areas  up  to  that  in  the  water  in  the  current  at  the  point  where 


52  ON   SEDIMENTATION. 

the  current  touches  the  nearly  dead  area,  then  sedimentation  will  be 
taking  place  in  these  areas  as  actively  as  elsewhere  and  no  deduction 
should  be  made  for  them.  If  the  circulation  is  less  active  than  this, 
the  water  will  contain  less  sediment  than  in  the  current,  but  still  some 
proportion  of  it,  and  the  efficiency  of  the  spaces  will  be  in  direct  pro- 
jjortion  to  the  density  of  the  sediment  in  the  water  in  them. 

For  instance,  if  the  whole  area  of  such  nearly  dead  sjiace  is  20^^ 
of  the  ai-ea  of  the  basin,  and  if  the  water  in  them  contains  half  as 
much  sediment  as  the  water  in  the  current,  then  20%"  of  the  area  is 
doing  half  duty ;  and  the  whole  amount  of  work  done  will  be  that 
which  would  be  done  by  a  basimiine-tenths  as  large,  and  with  no  such 
areas. 

Proposition  8. — Assume  that  the  water  in  a  basin  has,  at  the  bottom, 
everywhere,  or  in  some  places,  such  a  velocity  that  it  will  keep  the  particles 
moving  and  hold  them,  in  suspension,  and  will  prevent  them  from  being 
deposited. 

If  a  bottom  velocity  in  a  sedimentation  basin  is  such  as  to  prevent 
the  dejjosition  of  particles,  the  work  of  the  basin  will  be  less  comj^lete 
than  it  would  otherwise  be.  It  would  seem  that  deposition  would  be 
limited  to  jjarticles  so  large  as  to  be  cajjable  of  being  deposited  at  the 
existing  bottom  velocity  and  that  the  work  of  the  basin  would  be 
limited  to  the  removal  of  particles  larger  than  this  size.  This,  how- 
ever, is  probably  not  quite  correct,  because  the  velocities  in  a  basin 
are  variable,  and  even  though  the  average  bottom  velocities  w'ere  such 
as  to  prevent  the  deposition  of  particles  of  a  certain  size,  there  would 
be  areas  in  the  basin  where  the  velocities  were  below  the  average,  and 
where  these  particles  might  be  deposited.  The  results  to  be  accom- 
plished would  thus  be  represented  by  the  action  of  a  smaller  basin, 
the  area  of  which  would  be  that  part  of  the  area  of  the  actual  basin  in 
which  the  bottom  velocities  were  low  enough  to  allow  the  deposition 
of  particles.  The  i:)roblem  is  a  complicated  one,  but  it  seems  very 
clear  that  bottom  velocities  should  be  avoided  at  all  points  Avhich 
would  interfere  with  the  dejiositiou  of  any  particles  which  would 
otherwise  be  removed. 

If  a  jjarticle  rested  upon  a  smooth  bottom  and  wholly  above  it,  a 
bottom  velocity  equal  to  the  velocity  at  which  the  particle  would 
settle  through  still  water  would  exert  a  pressure  on  it  equal  to  the 
weight  of  the  particle,  and  this  would  certainly   suffice  to  move  it. 
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Ou  a  rough  bottom,  that  is  to  say,  a  bottom  already  covered  with 
particles,  many  of  which  might  be  larger  than  the  particle  under  con- 
sideration, it  would  seem  likely  that  only  a  part  of  the  surface  of  the 
particle  would  be  exposed,  while  the  resistance  to  moving  would  be 
miich  greater.  Still,  it  would  seem  that  if  the  velocity  was  much  in 
excess  of  the  velocity  at  which  the  particle  would  settle  through  still 
water,  it  would  move  it.  Certainly,  if  it  Avere  moving  with  the  water, 
it  would  prevent  it  from  being  deposited. 

It  thus  seems  a  fair  conchision  that  a  bottom  velocity  approxi- 
mately equal  to  the  velocity  at  which  a  particle  would  settle  through 
still  water  would  prevent  deposition.  This  statement  refers  to  the 
velocity  within  a  distance  of  the  bottom  measured  by  the  diameter  of 
the  particle.  That  is  to  say,  within  0.1  mm.,  and  even  within  0.01 
mm.  of  the  bottom  and  less.  Now,  nothing  whatever  is  known  about 
the  velocities  so  very  close  to  the  bottom.  The  bottom  velocities  which 
can  be  measured  are  much  farther  from  the  actual  bottom.  It  may  be 
that,  with  the  moderate  velocities  usually  present  in  sedimentation 
basins,  the  action  is  that  of  water  below  the  critical  velocity,  and  that 
the  water  is  attached  to  the  bottom,  and  has  no  bottom  velocity,  and 
that  velocities  only  commence  to  exist  as  the  bottom  is  left,  and  only 
become  appreciable  at  distances  greater  than  the  diameters  of  the 
particles  under  consideration. 

The  ordinary  inean  horizontal  velocities  in  a  number  of  sedimenta- 
tion basins,  to  be  mentioned  later,  range  from  1  to  8  mm.  per  second. 
These  velocities  are  so  low  that  it  seems  certain  that  the  velocities 
caused  by  wind,  and  perhaps  also  by  temperature  changes,  will  ex- 
ceed them.  As  far  as  this  is  the  case,  the  controlling  velocity  would 
be  due  to  other  causes  than  the  general  forward  movement  of  the 
"vvater,  and  the  velocity  of  this  movement  becomes  of  secondary  im- 
portance. 

If  the  velocities  were  much  greater,  the  i)roblem  would  become 
simpler.  It  could  then  be  assumed  that  the  bottom  velocity  w  as  some 
proportion  of  the  mean  velocity,  and  that  the  ratio  between  them  was 
represented  by  an  api)roximately  constant  factor,/.  Then,  the  velo- 
city at  which  particles  settle  through  still  water  could  be  taken  as, 
approximately  at  least,  the  limiting  velocity  at  which  particles  would 
deposit;  and,  multiplying  this  by  f,  would  give  the  mean  velocity  of 
the  greatest  current  at  which  deposition  would  not  be  prevented.     As- 
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suming  thus  a  mean  velocity, /times  as  great  as  the  velocity  at  -which 
the  particle  settles,  the  particle  would  have  time  to  settle  from  top  to 
bottom  of  a  basin  in  making  a  forward  movement  equal  to /times  the 
dejjth  of  the  basin. 

Now,  to  secure  a  satisfactory  removal  of  jjarticles  with  a  well- 
designed  sedimentation  basin  the  value  of  —  must  reach  a  value  which 

may  be  taken  as  approximately  1.5.  That  is  to  say,  the  horizontal 
course  would  require  to  be  1 .5  times  as  long  as  that  course  through 
which  water  would  flow  while  a  particle  was  settling  from  top  to  bot- 
tom. This  gives  the  limiting  ratio  of  the  longest  course  which  the 
water  is  obliged  to  follow  in  jjassing  a  basin  to  the  depth  of  the  basin 
at  about  1.5/  To  make  the  water  follow  a  longer  course  than  this 
would  prevent  the  dej^osition  of  particles  of  this  size.  In  other  words, 
to  prevent  the  dragging  of  particles  at  the  bottom,  the  length  of  the 
course  should  not  be  greater  than  a  certain  number  of  times  the  depth 
of  the  basin. 

The  data  at  hand  for  the  strength  of  current  which  prevents  the 
deposit  of  sand  and  gravel  particles  are  not  very  good.  From  such 
data  as  are  at  hand  it  would  seem  that  the  value  of/ is  from  20  to  40, 
and  the  corresponding  length  of  the  course,  in  proportion  to  the  depth 
of  the  basin,  is  from  30  to  60.  This  comijutation,  obviously,  can  be 
only  applied  to  high  velocities  and  large  particles,  and  it  has  only  a 
suggestive  value  in  relation  to  the  lower  velocities  and  smaller  parti- 
cles discussed  herein. 

The  conditions  which  have  actually  been  used  are  easily  learned. 
There  is  found  in  the  basins  to  be  mentioned  later:  At  Little  Falls,  a 
basin  in  Avhich  the  length  of  the  course  is  but  three  times  its  depth; 
basins  at  Ithaca  and  Watertown,  with  courses  about  twenty  times 
their  depths;  basins  at  St.  Louis  and  Albany,  with  courses  about  fifty 
times  their  depths;  and  at  Kansas  City,  a  basin  with  a  course  more 
than  eighty  times  its  depth.  There  are  other  cases,  no  doubt,  partic- 
ularly where  baffles  have  been  used,  where  the  ratios  are  even  higher. 
It  is  unfortunate  that  it  is  not  known  whether  or  not  the  practice  in 
these  cases  has  been  well  founded,  and  whether  the  basins  mentioned 
present  conditions  of  sufficient  repose  so  that  particles  stay  down 
when  they  hit  the  bottom,  or  whether  the  bottom  velocities  are  such 
as  to  keejj  the  smallest  particles  moving  even  after  they  hit,  and  so 
limit  the  action  to  the  removal  of  coarser  particles. 
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Proposition  9. — Assume  a  very  shallow  sedimentatimi  basin. 

The  most  commou  metliod  of  expressing  the  size  of  a  sedimentation 
basin  is  to  state  the  length  of  time  that  it  takes  water  to  pass  through 
it,  or,  more  accurately,  the  quotient  obtained  by  dividing  the  capacity 
of  the  basin  by  the  quantity  of  water  entering  or  leaving  it  in  a  unit  of 
time.  There  has  been  a  feeling,  which  was  expressed  by  Seddon,  and 
by  others,  that  the  area  rather  than  the  capacity  of  a  basin  measures 
its  usefulness.     In  all  the  formulas  deduced  herein,  the  completeness 

of  removal   is  a  direct  function   of  — -.     The  eifect  of  the  area  and 

dfepth  of  basin  on  the  value  of  this  ratio  will  now  be  examined. 
Let     b  =  the  area  of  a  basin ; 

c  =  the  capacity  of  a  basin; 
d  =  the  depth  of  a  basin ; 

e  =  the  quantity  of  water  treated  in  a  unit  of  time; 
V  =  the  hydraulic   value   of  the    sediment,    or,    in    other 
words,   the   velocity   at   which  it  settles   in    still 
water. 

Then  a  =  —  =  — 

e         e 

and  I  =  — 

V 

b_d 

Combmmg,   --  =  -—  =  —   (7) 

t  a  e 

V 

In  other  words,  the  proportion  of  sediment  removed  is  a  function  of 
the  area  of  the  basin  and  of  the  hydraulic  value  of  the  sediment,  and 
of  the  quantity  of  water  treated  in  a  unit  of  time,  and  is  entirely  inde- 
pendent of  the  depth  of  the  basin.  This  is  true  of  all  the  propositions 
which  have  been  considered  herein.  A  very  shallow  basin  will  thus 
do  precisely  the  same  work  as  a  deeper  one  of  the  same  area. 
An  interesting  deduction  can  be  drawn  from  Equation  7: 

a         b  V 
T  "~  ~ 

Now,—  represents  the  upward  velocity  which  would  result  from  the 

uniform  upward  flow  of  the  water  through  the  horizontal  area  of  the 

basin,   and  the  value   of     — -  can  be  found  by  dividing  the  hydraulic 

value  of  the  particle,  represented  by  v,  by  this  computed  upward 
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velocity;  and  conversely,  tbe  hydraulic  value  of  particles  removed  to 

an  extent  corresponding  to  an    assumed  value  of  — can  be  obtained 

by  multiplying  this  computed  upward  velocity  by  the  assumed  value 

of—-.     This  gives  a  means  of  computing  the  results  which  maybe 

expected  from  a  given  basin,  which  does  not  involve  a  tuowledge  of 
its  depth. 

The  only  way  in  which  the  dejjth  influences  the  efficiency  of  sedi- 
mentation is  in  preventing  bottom  velocities  too  great  to  allow  the 
deposition  of  sediment.  It  is  obvious  that  dejith  has  an  important 
bearing  in  this  respect ;  for,  as  was  shown  in  Proposition  8  (with  some 
limitations),  the  longest  horizontal  length  of  a  course  which  can  be 
allowed  is  directly  proportional  to  the  depth,  and  too  little  depth 
would  limit  the  size  of  the  basins  to  impracticably  small  dimensions. 

Proposition  10. — Assume  that  the  water  passing  throxigli  a  sedimenta- 
tion basin  flows  at  the  top  in  a  tliiu  layer  and  that  the  water  beloiv  this  layer 
remains  quiet  or  nearly  so. 

This  condition  may  be  caused  by  a  rise  in  the  temperature  of  the 
entering  water  which  will  tend  to  keep  it  at  the  top.  This,  jiractically, 
has  the  effect  of  making  a  shallow  sedimentation  basin.  But,  by 
Proposition  9,  a  shallow  basin  is  as  effective  as  a  deeper  one,  as  long 
as  the  bottom  velocities  do  not  prevent  the  deposition  of  sediment. 

In  this  case  the  bottom  velocity  is  upon  the  still  water  below,  and 
not  upon  the  actual  bottom  of  the  basin.  The  line  between  the  mov- 
ing water  and  the  quiet  water  must  necessarily  be  somewhat  indefinite, 
and  the  still  water  below  forms  an  almost  ideal  receptacle  for  the 
particles  which  settle  from  the  water  above.  The  basin,  therefore, 
will  do  all  the  work  that  it  could  do  if  the  flow  extended  to  the  bot- 
tom, and,  in  addition,  the  question  of  bottom  velocities  is  eliminated. 
This  condition  seems  so  attractive  as  to  suggest  the  desirability  of 
putting  low  baffles  on  the  bottom  of  sedimentation  basins  to  hold  the 
water  for  some  distance  above  the  bottom  still,  or  comparatively  so, 
and  to  confine  the  current  to  the  upper  part  of  the  basin. 

Proposition  11. — Assume  that  the  icater  passing  through  a  sedimenta- 
tion basin  flows  in  a  thin  layer  upon  the  bottom  and  that  the  water  above  this 
layer  remains  quiet,  or  nearly  so. 

This  condition  may  be  caused  by  a  fall  in  the  temperature  of  the 
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entering  water  wliich  would  teud  to  keep  it  at  the  bottom.  This,  prac- 
ically,  has  the  effect  of  making  a  shallow  sedimentation  basin,  but  the 
question  of  bottom  velocities  is  made  more  difficult,  for  the  current  is 
near  the  bottom  and  is  more  rapid  than  it  would  be  if  the  flow  were 
uniform.  This  condition  may  thus  greatly  reduce  the  efficiency  of 
sedimentation. 

Proposition  12. — Assume  a  sedimentation  basin  with  skimmers  to  take 
the  water  equally  from  the  surface  at  all  points,  and  an  upward  jlow  in  the 
basin  to  the  top,  the  incoming  water  being  distributed  near  the  bottom. 

The  first  clearing  of  the  water  in  the  process  of  sedimentation  is  at 
the  top.  It  occurs  almost  instantaneously.  If  it  were  possible  to 
remove  this  water  from  the  top  as  fast  as  cleared,  and  before  it  had  a 
chance  to  mix  with  the  more  turbid  water  below,  a  great  improvement 
could  be  obtained  over  the  conditions  previously  assumed. 

To  make  the  process  eflfective,  it  would  be  necessary  to  jjrovide 
skimmers  to  skim  the  entire  area  of  the  basin.  This  idea  was  first 
expressed  in  the  Rockner-Rothe  sewage  precipitation  tanks,  built 
in  Germany,  fifteen  years  ago  or  more,  and  an  example  of  which  was 
erected  at  the  World's  Fair  in  Chicago  in  1893.  A  more  recent  appli- 
cation is  found  in  the  Denver  Water- Works.*  If  this  arrangement 
could  be  developed  to  its  theoretical  limit,  it  would  give  a  removal  of 
sediment  corresponding  to  Line  A,  which  is  the  ultimate  theoretical 
limit.  It  is  not  possible  to  reach  this,  because  even  with  the  best 
skimming  the^-e  will  be  some  mixing  and  consequent  drawing  from 
below  the  surface.  The  Line  B  is  drawn  as  representing  probably  as 
close  an  approach  to  the  theoretical  as  could  be  reached  with  the  best 
system  of  skimmers.  This  line  shows  clearly  the  advantage  of  this 
process  of  drawing. 

In  many  cases  skimmers  have  been  provided  to  take  water  from  the 
top,  but  such  skimmers  have  usually  been  located  at  a  point,  or  at  a 
few  points,  and,  in  these  cases,  unless  differences  in  temperatures  pre- 
vent, water  is  drawn  to  them  from  all  directions,  from  the  bottom  as 
well  as  from  the  top,  and  the  skimmer  only  serves  to  take  the  surface 
water  from  a  small  circle  in  its  neighborhood,  ^jrobably  not  much 
greater  in  radius  than  the  depth  of  the  water. 

Proposition  13. — Assume  that  the  sediment,  instead  of  consisting  of 
particles  of  the  same  hydraidic  value,  consists  of  particles  ichich  settle  at 
different  velocities. 

*  Engineerin-g  News.  Vol.  44.  p.  322. 
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If  all  particles  which  settle  at  the  same  rate  be  considered  as  be- 
longing to  one  class,  each  class  will  follow  its  own  law  of  deposition 
and  will  go  down  at  the  rate  at  which  they  would  go  if  the  other  par- 
ticles were  not  present.  In  making  this  assumption  all  matters  of 
coagulation  and  fiocculation  are  excluded. 

The  hydraulic  values  of  particles  of  different  sizes  can  be  taken, 
and  the  value  of  t  can  be  computed  for  each  size.     The  value  of  a  will 

be  the  same  for  all.     The  values  of  —  can  then  be  obtained,  and  they 

will  be  inversely  proportional  to  the  hydraulic  values  of  the  particles 
of  various  sizes.  Taking,  then,  the  ciirve  in  Fig.  1  corresponding  to 
the  tyjae  of  basin  which  is  being  considered,  the  corresponding  value 
of  X  for  particles  of  each  hydraulic  value  can  be  foiind;  that  is  to  say, 
the  percentages  of  the  particles  of  those  sizes  remaining  after  the 
treatment.  In  this  way,  if  a  mechanical  analysis  of  the  sediment  in 
the  raw  water  were  available  it  would  be  possible  to  compute  the 
mechanical  analysis  of  the  sediment  in  the  effluent. 

Another  way  is  to  compute  the  size  of  the  smallest  particles  removed 
by  a  given  set  of  conditions.  To  do  this  it  is  necessary  to  assume  some 
percentage  of  removal  which  shall  be  taken  as  sufficient.  This  per- 
centage, of  course,  is  arbitrary.  It  would  hardly  be  taken  as  less  than 
one-half  nor  more  than  seven-eighths.  Perhaps  three-fourths  would 
answer  the  purijose.  The  sizes  of  particles  removed  in  other  projior- 
tions  will  always  bear  about  the  same  relations  to  the  size  selected. 
That  is  to  say,  if  the  particles  of  which  75%"  are  removed  are  taken  as 
having  a  diameter  of  1.00,  then  bQ%  of  the  particles  having  diameters 
of  0.78  will  be  removed,  and  Sll%  of  the  particles  having  diameters 
of  1.47  will  be  removed.  These  figures  are  based  on  the  use  of  Line  4 
and  upon  Table  1,  and  are  for  particles  less  than  0.03  mm.  in 
diameter.  For  coai-ser  particles,  and  with  other  types  of  sedimenta- 
tion basins,  the  proportion  would  vary  slightly.  It  will  be  seen  that, 
considering  the  great  range  in  size  of  particles  of  sediment,  the  sizes 
do  not  vary  very  greatly,  and  the  size  computed  in  this  way  may  be 
taken  as  roughly  representing  the  size  of  removal.  That  is  to  say,  it 
is  such  a  size  that  particles  larger  than  it  will  be  removed  and  particles 
smaller  than  it  will  remain.  The  method  of  computing  this  size  was 
stated  under  Proposition  9. 

Proposition  14. — Assume  thai  a  sedimentation  basin  is  divided  by  hori- 
zontal plates  into  two  or  more  compartments,  one  above  another. 
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As  tlie  action  of  a  sedimentation  basin  is  dependent  upon  its  area 
and  not  upon  its  depth,  one  horizontal  subdivision  woukl  provide  two 
surfaces  to  receive  sediment  instead  of  one,  and  would  double  the 
amount  of  work  that  could  be  done.  Two  such  divisions  would  treble 
it,  and  so  on.  If  the  basin  could  be  cut  up  by  a  series  of  horizontal 
plates  into  a  large  number  of  shallow  passages,  the  increase  in  effi- 
ciency would  be  very  great.  The  matter  of  bottom  velocities  would 
have  to  be  carefully  looked  after,  and  the  ratios  of  length  to  depth, 
the  depth  in  this  case  relating  to  each  compartment,  would  have  to  be 
maintained.  That  is  to  say,  the  apjjaratus  must  be  arranged  so  that 
the  whole  process  takes  jslace  in  a  short  distance  of  flow,  this  distance 
being  proportional  to  one  of  the  spaces  between  the  plates.  Such  an 
apparatus  may  be  called  a  scrubber. 

The  most  serious  practical  difficulty  to  be  met  in  carrying  out  this 
idea  is  the  method  of  cleaning.  The  whole  apparatus  must  be  subject 
to  easy  and  cheap  cleaning.  Cleaning  will  be  required  much  more 
freqiiently,  because,  with  the  depth  rediiced  to  a  low  figure,  the  quan- 
tity of  water  passed  through  a  given  sjjace  in  a  given  time  would  be 
correspondingly  increased,  and  with  it  the  amount  of  sediment  de- 
posited. If  a  sedimentation  basin  10  ft.  deep  requires  to  be  cleaned 
once  a  year,  there  w  ould  be  a  corresponding  necessity  for  cleaning  a 
scrubber  with  spaces  of  I  in.  between  plates  120  times  a  year,  or  daily 
or  oftener  when  the  water  was  turbid. 

Proposition  15.  —  Assume  that  turbid  water  is  passing  through  a  layer 
of  sand,  as  in  the  ordinary  process  of  filtration,  and  that  sedimentation  is 
taking  place  in  all  the  pores,  and  that  no  other  influence  is  at  work  to  re- 
move  the  sedim,ent. 

In  this  case  the  sediment  is  deposited  on  the  surfaces  of  the  sand 
particles  facing  upward  at  places  where  the  current  is  not  strong^ 
enough  to  prevent  deposition. 

Assume  a  layer  of  sand  1  m.  thick,  with  an  effective  grain  size  of 
0.35  mm.,  through  which  water  is  passing  at  a  rate  equal  to  3  m.  in 
depth  over  the  sui-face  daily.  This  I'ate  of  filtration  is  equal  to  a 
movement  of  the  water  column  above  the  sand  of  0.U347  mm.  i)er 
second.  The  voids  are  about  40%  of  the  whole  volume.  If  the  pores 
were  all  straight  and  cylindrical  from  top  to  bottom,  the  velocity  of 
the  water  in  them  would  be  0.0347  -i-  0.4  =  0.087  mm.  per  second.  If 
50%'  is  added  to  represent  the  increased  length  of  the  passages  because 
they  are  not  straight,  the  velocity  would  be  0.13  mm.  per  second. 
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Experiments  have  been  made  in  passing  solutions  of  salt  and  water 
alternately  through  sand,  which  show  that  in  the  passage  of  water 
through  sand  a  large  part  of  the  w^ater  in  the  sand  has  a  low  velocity, 
while  a  small  part  has  a  much  higher  velocity,  so  that  a  part  of  any 
given  lot  of  water  will  make  its  appearance  in  a  fraction  of  the  time 
which  would  be  required  if  the  displacement  were  com})lete.  In  other 
words,  some  of  the  passages  in  the  sand  are  large  and  comparatively 
direct,  and  in  them  the  water  moves  more  rapidly  than  the  average, 
while  the  other  passages  are  smaller  and  less  direct,  and  in  these  the 
movement  is  slower  than  the  average. 

If  it  be  assumed  that  two-thirds  of  the  water  in  the  sand  is  practi- 
cally quiet,  and  that  the  forward  movement  takes  place  in  the  pores 
representing  one-third  of  the  total  volume,  the  average  velocity  in 
these  pores  wull  be  three  times  as  great  as  computed,  or  about  0.4 
mm.  per  second.  As  the  individual  pores  are,  at  most,  only  a  fraction 
of  a  millimeter  in  size,  it  appears  that  where  the  velocity  is  greatest,  a 
given  particle  of  water  will  pass  through  a  single  pore  in  a  period  of 
time  which  may  be  roughly  stated  as  a  little  less  than  a  second.  On 
the  other  hand,  in  the  smaller  pores,  where  the  movement  is  less  rapid, 
the  water  may  remain  in  one  pore  for  several  seconds. 

The  velocity  of  0.4  mm.  per  second  would  not  prevent  the  deposi- 
tion of  large  particles  of  sediment,  but  such  particles  are  removed  at 
the  top  by  simple  straining,  and  the  particles  removed  by  deposition 
in  the  sand  pores  would  only  be  very  small  particles,  and  this  velocity 
might  be  too  great  to  allow  this  subsidence.  In  the  side  passages, 
however,  with  lower  velocities,  conditions  for  subsidence  would  be 
much  more  favorable.  Regarding  the  sand  as  a  sedimentation  basin, 
it  is  somewhat  analogous  to  a  long  series  of  compartments  connected 
at  one  side  only,  with  a  passageway  in  which  a  ciirrent  is  maintained. 
The  bulk  of  the  movement  is  in  the  passageway,  but  there  is  always 
some  circulation  to  and  from  the  chambers,  which  keeps  up  the  supply 
of  sediment  i^articles  in  them  and  affords  opportunities  for  sedimenta- 
tion, and  the  whole  should  act  as  a  sedimentation  basin,  even  though 
the  velocity  in  the  channel  is  too  rapid  to  allow  subsidence. 

The  ai-ea  of  the  surface  of  the  sand  grains,  of  sand  of  the  effective 
size  mentioned  above,  which  is  about  the  size  commonly  used  in  water 
filters,  is  surjirisingly  large.  It  is  approximately  equal  to  5  sq.  m. 
per  kilogram  of  dry  sand,  and  the  surface  area  of  particles  in  1  cu.  m. 
of  sand  is  about  8  000  sq.  m.      In  other  words,  in  a  layer  of  sand  1  m. 
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thick,  the  area  of  the  sand  particles  is  8  000  times  as  great  as  the  area 
of  the  space  occupied  by  the  sand. 

Assume  that,  of  the  total  surface  area,  one-sixth  is  placed  hori- 
zontally and  facing  upward,  or  near  enough  to  this  position  to  make 
it  capable  of  receiving  sediment.  Assume,  further,  that  half  of  this 
area  is  in  contact  with  other  sand  grains,  or  too  near  them  to  be 
available.  Assume,  further,  that  one-third  of  the  remaining  area 
will  be  so  placed  that  the  water  passing  it  will  have  a  velocity  in 
excess  of  the  rate  which  would  allow  the  deposition  of  the  finest 
particles.      This   reduces   the  area  available    for  receiving   sediment 

.112  1,,,-,  ,.  ,,  ,  . 

to  — r  X  -^  X  -3-  =  "^-5-  01  the  whole  area  01  the  sand  grains,  or  to  an 

area  444  times  as  great  as  the  area  of  the  space  occupied  by  the  sand. 
In  other  words,  the  opportunities  afforded  for  sedimentation  are 
equivalent  to  those  in  a  sedimentation  basin  with  an  area  444  times 
that  of  the  filter,  or  to  a  basin  equal  to  the  filter  in  area  and  with  444 
horizontal  divisions,  each  capable  of  receiving  sediment.  The  velo^ 
city  of  a  column  of  water  of  the  same  area  as  the  space  occupied  by 
the  sand  amounts  to  0.0347  mm.  per  second.  Dividing  this  by  444,  it  is 
found  that  the  upward  rate  over  the  area  cajjableof  receiving  sediment 

is  0.000077  mm.  per  second.      Assuming  (Line  D)  a  value  of  —  =  1.4, 

with  7b%  removal,  the  hydraulic  value  of  the  corresponding  jiar- 
ticles  becomes  0.000108,  and  the  diameter  of  particles  corresponding 
to  this  (as  will  be  shown  in  a  subsequent  paragraph)  is  0.0003  mm. 
In  other  words,  considered  as  a  sedimentation  basin,  filter  sand  of  the 
ordinary  coarseness  and  depth,  and  at  about  the  ordinary  rate  of  filtra- 
tion, would  remove  the  bulk  of  all  particles  more  than  0.0003  mm.  in 
diameter.  The  finest  clay  is  said  to  consist  of  particles  about  0.0001 
to  0.0003  mm.  in  diameter.  A  filter  would  thus  fail  to  remove  the 
finest  clay,  but  would  remove  all  coarser  sediment.  This  conclusion 
agrees  precisely  with  the  facts. 

If  the  rate  of  filtration  is  increased,  the  hydraulic  value  of  the  par- 
ticles which  are  removed  will  be  increased  in  the  same  ratio  that  the 
rate  is  increased;  while,  if  the  size  of  the  sand  grains  is  increased,  the 
area  of  the  surface  of  the  particles  will  vary  inversely  as  the  effective 
size,  and  the  hydraulic  value  of  the  particles  which  can  be  removed 
will  increase  directly  with  tha  effectiv^i  size  of  the  filtering  material. 
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The  hydraulic  values  of  the  particles  which  can  be  removed  Avill  thus 
vary  directly  with  the  rate  and  directly  with  the  effective  size  of  the 
filtering  material.  Assuming  that  the  hydraulic  value  of  the  particles 
increases  as  the  square  of  the  diameters,  this  relation  can  be  stated 
thus:  The  diameter  of  particles  removed 

==  ^  "v/  effective  size  of  sandx  rate  of  filtration. 
The  value  of  c,  in  this  equation,  is  found  to  be  approximately  0.0003. 
The  diameters  of  the  particles  removed  are  as  follows: 

For  sand  filters  of  standard  construction,  sand  0.33  mm.  effective 
size,  rate  3  000  000  galls,  per  acre,  the  greatest  size  of  par- 
ticles passing  is  0.0003  mm. 
If  the  rate  of  filtration  is  increased  to  8  000  000  galls,  per  acre 

daily,  the  greatest  size  of  particles  passing  is  0.0005  mm. 
In  a  mechanical  filter  without  coagulant,  and  with  the  same 
sand,  at  a  rate  of  130  000  000  galls,  daily,  the  largest  parti- 
cles passing  would  be  seven  times  as  large  as  those  removed 
with  a  sand  filter,  or  0.0020  mm. 
In  a  scrubber  containing  gravel, with  an  eff"ective  size  of  10  mm., 
and  operated  at  a  rate  of  50  000  000  galls,  per  acre  daily, 
the  largest  particles  passing  would  be  0.0070  mm. 

This  size  corresjjonds  substantially  with  the  computed  size  of  re- 
moval by  the  sedimentation  basins  at  Albany  and  St.  Louis,  and,  as 
far  as  this  computation  indicates,  a  scrubber  of  this  construction 
would  be  equivalent  in  its  eff"ect  upon  the  water  to  the  sedimentation 
basins  in  use  in  those  cities. 

In  considering  the  probable  course  of  sedimentation  in  sands  and 
gravels  one  is  naturally  influenced  by  knowledge  of  the  action  of  water 
in  larger  spaces  and  at  higher  velocities.  It  must  be  remembered 
that  in  the  capillary  spaces  of  the  sand  the  viscosity  of  the  water  is  of 
controlling  importance,  and  the  principles  of  flow  are  different  from 
those  with  which  one  is  familiar  from  exjierience  with  larger  masses. 

The  purification  of  water  in  filters  and  scrubbers  is  probably  in- 
fluenced by  the  flocculation  of  particles,  by  surface  attractions,  by  the 
presence  of  organisms  and,  very  likely,  by  other  influences  of  which 
nothing  is  known.  It  is  impossible  to  determine  what  part,  if  any, 
sedimentation  plays  in  the  ultimate  effect  obtained  under  these  condi- 
tions, but  it  is  interesting  to  find  that  the  results  computed  by  the  appli- 
cation of  the  formulas  deduced  for  sedimentation  basins  give  results 
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apparently  in  agreement  with  the  facta  observed  in  filtration;  and, 
therefore,  it  is  not  irrational  to  sujjpoae  that  sedimentation  in  the  pores 
of  these  materials  may  play  an  important  part  in  the  results  obtained. 

On  the  Velocity  at  which  Particles  of  Sediment  settle  thkough 

Still  Watek. 
The  larger  particles  settle  rapidly,  the  smaller  ones  very  slowly. 
"With  very  small  particles  the  viscosity  of  water  controls,  and  the  velo- 
city of  settlement,  or  the  hydraulic  value,  varies  as  the  square  of  the 
diameter.  With  large  particles  friction  controls,  and  the  velocity  or 
hydraulic  value  varies  as  the  square  root  of  the  diameter.  There  is  a 
transition  space  between.  This  space  covers  particles  from  0.1  to  1.00 
mm.  in  diameter,  or  ordinary  sand,  and  also  extends  somewhat  beyond 
these  limits. 

TABLE  1. — Velocities  at  Which  Paeticles  of   Sediment  Fall  in 

Still  Water. 


Diameter    of 
tides,    in 
meters. 

par- 
milli- 

Hydraulic  value,  in 
millimeters   per 
second. 
10«C.  =-  50>^F. 

Remarks. 

1.00 
0.80 
0.60 
0.50 
0.40 
0.30 
0.20 
0.15 
0.10 

100 

8'i 

Experiments  by  the  writer. 

63 
53 
42 
32 
21 
15 
8 

;| 

0.08 
0.06 
0.06 
0.04 
0.08 

6 

3.8 

2.9 

2.1 

1.3 

Interpolated  from  connecting  curve. 

0.02 

0.015 

0.010 

0.008 

0.006 

0005 

0.62 

0.35 

0.154 

0.098 

0.055 

0.0385 

Wiley's  formula. 

0.004 

0.003 

0.002 

0.0015 

0.001 

0.0001 

0.0247 

0.(1138 

0.0062 

0.00:i5 

0.00154 

0.0000164 

-* 

Note.— These  values  are  not  given  as  being  precise,  but  they  are  believed  to  be 
sufficiently  accurate  for  the  purpose  of  this  discussion. 

The  hydraulic  values  of  particles  within  these  limits  have  been 
determined  by  noting  the  time  reqiiired  for  settlement  for  a  determined 
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distance  through  water  in  a  glass  vessel.  Particles  of  diflferent  sizes 
were  obtained  by  the  methods  used  in  the  mechanical  analysis  of  sand . 
The  specific  gravity  of  the  particles  is  about  2.65.  The  grams  are 
irregular,  and  the  diameters  are  taken  as  the  diameters  of  spheres  of 
equal  volume. 

For  pai tides  less  than  0.025  mm.  in  diameter,  the  formula  given  by 
Wiley*  is  used,  namely,  rf  =  0.025527',  the  diameter  being  in  milli- 
meters and  the  velocity  in  millimeters  jjer  second.  The  hydraulic 
values  of  particles  from  0.025  to  0.1  mm.  in  diameter  have  been 
obtained  by  drawing  a  curve  between  the  lines  representing  the  higher 
and  lower  values.     Some  of  these  values  are  given  in  Table  1. 

On  the  Effect  of  Tempeeatuee. 

The  figures  in  Table   1  are  for  a  temperature    of    10°    Cent.,    or 

50''  Fahr. ,  which   is   about   the   annual   average   temperature   of  the 

water  in  the  northern  part  of  the  United  States.     The  finer  particles 

settle  more  rapidly  as  the  water  becomes  warmer,  but  with  the  coarser 

ones  temperature  makes  less  difference.     For  the  finest  particles,  the 

rate  of  settling  at  difierent  temperatures  varies  as  — -^ — ,  t  being  the 

bO 

temperature  on  the  Fahrenheit  scale.     The  relative  hydraulic  values 

of  the  same  particles  at  different  temperatures  are  as  follows: 

Relative 
Temperature,  Hydraulic 

Fahrenheit.  Value. 

32 70 

38 80 

44 90 

50 100 

56 no 

62 120 

68 130 

74 140 

At  a  summer  temperature  of  74",  a  particle  of  sediment  will  settle 
twice  as  fast  as  at  the  freezing  j^oint.  In  other  words,  a  given 
sedimentation  basin  will  do  twice  as  much  work  in  summer  as  in 
wintej.  That  is  to  say,  twice  as  much  water  can  be  treated  with  the 
same  results.  Experience  indicates  the  truth  of  this  deduction,  and 
it  is  also  true  of  filters. 

*  "A^icultural  Analysis,"  p.  212. 
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On  the  Effect  of  FiiOcctiLATioN  and  Coagulation. 

By  flocculation  is  understood  the  gathering  together  of  the  particles 
of  sediment  into  aggregates.  This  takes  place  more  or  less  with 
clayey  sediment.  It  is  probably  not  a  very  important  matter  in  sedi- 
mentation basins,  because  the  ojjport unities  for  it  in  rivers  before  the 
water  enters  the  sedimentation  basins  have  been  so  favorable  that  it 
has  gone  as  far  as  it  will  readily  go  before  the  water  enters  the  basin. 

Coagulation  is  artificial  flocculation,  and  is  caused  by  the  addition 
of  a  chemical  to  the  water.  The  effect  of  flocculation  or  coagulation 
is  to  increase  the  size  of  the  particles,  for  the  aggregates  formed  in 
this  way  have  subsiding  values  which  may  be  very  much  larger  than 
the  subsiding  values  of  their  individual  particles.  Salt  water  induces 
flocculation,  and  the  increased  rate  of  sedimentation  when  fresh 
water  mixes  with  salt  water  is  to  be  explained  in  this  way;  for  it  can- 
not be  supposed  that  an  individual  particle  would  settle  faster  in  salt 
water  than  in  fresh. 

Compakison  op  Diffekent  Areangemfj^ts  of  Settling  Basins. 

(i 
The  values  of  - — necessary  to  secure  the  removal  of  one-half,  three- 
fourths  and  seven-eighths  of  the  particles  of  a  given  size,  with  basins 
of  diff'erent  arrangements,  and  without  regard  to  excessive   bottom 
velocities,  are  given  in  Table  2. 

TABLE  2. 


Description  of  basins. 


Theoretical  maximum  (cannot  be  reached) 

Surface  skimming,  Rockuor-Roth  system 

Intermittent  basins,  reckoned  on  time  of  service  only 

Continuous  basin,  theoretical  limit 

Close  appro .ximation  to  ditto 

Very  well  battled  basin 

Good  bafflinK 

Two  i)asins  tandem 

One  long  basin,  well  controlled 

Intermittent  basin,  in  service  half  time 

One  basin,  continuous 


1  1/2 

E 

1 


Values  of 


si 


0..50 
0.54 
O.OJi 
0.09 
0.71 
0.73 
0.76 
0.82 
0.90 
1.26 
1.00 


0.75 
0.98 
1.26 
1.38 
1.45 
1..52 
1.66 
2.00 
2.34 
2.50 
3.00 


0.875 

1.37 

1.89 

2.08 

2.23 

2.37 

2.75 

3.70 

4.50 

3.80 

7.00 
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The  figures  given  in  Table  2  under  the  respective  headings 
represent  the  relative  areas  of  sedimentation  basins  upon  different 
systems  which  would  be  required  to  produce  equivalent  results.  It 
will  be  noticed  that  the  differences  between  the  different  systems  are 
always  in  the  same  order  (with  the  exception  only  of  the  intermittent 
basin  with  the  allowance  for  time  out  of  service) ,  but  the  relative  values 
are  different  for  different  percentages  of  removal.  With  the  removal 
of  one-half  of  the  particles  of  a  given  size  the  differences  are  less  than 
for  the  removal  of  three-fourths  of  the  iiarticles,  and  for  the  removal 
of  seven-eighths  of  the  particles  the  differences  are  greater. 

From  the  standpoint  of  preliminary  treatment,  there  would  be 
something  to  be  said  in  favor  of  taking  a  removal  of  one-half  of  the 
sediment  of  a  given  size  as  a  standard,  because  that  would  represent 
the  bulk  of  the  material;  while,  from  the  standpoint  of  entire  clarifica- 
tion, the  removal  of  seven-eighths  woiild  be  better.  The  use  of  the 
value  corresponding  to  three-fourths  removal  seems  a  fair  one  for  a 
general  discussion. 

The  application  of  the  different  lines  shown  in  Fig.  1  to  actual 
sedimentation  basins  will  now  be  considered.  Obviously,  the  condi- 
tions in  these  basins  are  more  complex  than  those  assumed  in  the 
propositions  from  which  the  equations  of  the  lines  were  deduced. 
Nevertheless,  the  propositions  may  represent  a  sufficiently  close 
approximation  to  the  facts  to  be  of  practical  use. 

Sedimentation  basins  operated  on  the  intermittent  plan  seem  to 
meet  reasonably  well  with  the  assumptions  which  led  to  Line  C,  and 
this  line  may  be  taken  as  representing  the  conditions  in  such  basins. 
Sedimentation  basins  with  one  compartment  and  with  the  water  intro- 
duced at  one  point  and  taken  out  at  another,  without  any  special  j^re- 
cautions  to  distribute  it  and  reduce  its  velocity,  may  clearly  be  taken 
as  being  represented  approximately  by  Line  1.  Basins  of  this  type 
include  the  St.  Louis  basins,  as  they  were  used  two  or  three  years 
ago,  that  is,  with  water  entering  continuously  at  one  end  and  flowing 
ovit  at  the  othei*.  A  sedimentation  basin  like  that  at  Little  Falls,  with 
the  water  entering  at  the  bottom  and  taken  out  at  the  top  at  the  oppo- 
site side,  presents  a  peculiar  condition  because  its  depth  is  so  very 
large  in  proportion  to  its  length  that  the  removal  of  the  water  from 
the  top,  even  though  limited  to  one  side,  may  be  equivalent  to  a  sur- 
face   straining   of  a    considerable    part  of  its   area.     Where   several 
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basins  are  used  successively,  as  at  Kansas  City  and  Omaba,  the  lines 
having  a  number  corresponding  to  the  number  of  such  basins  may  be 
taken  directly  as  re^jresentiug  the  conditions.  In  the  case  of  a  very 
long  and  narrow  basin,  the  conditions  are  somewhat  different.  There 
is  a  tendency  for  the  different  sections  along  the  length  of  the  basin 
to  act  as  though  they  were  sejaarate  basins.  That  is  to  say,  there  is 
only  a  limited  amount  of  circulation  between  the  different  parts,  and 
if  the  process  were  carried  far  enough  the  basin  would  act  as  if  it 
were  composed  of  a  large  number  of  basins  used  successively.  The 
sedimentation  basins  for  sewage,  designed  by  Lindley  at  Frankfort- 
on-Main,  were  of  this  type.  Clearly,  they  are  equivalent  to  several 
basins,  but  it  is  impossible  to  say  how  high  a  number  should  be 
assumed.  Sedimentation  basins  for  water  purification  designed  upon 
this  principle  have  seldom  been  used. 

Where  the  water  is  introduced  very  carefully  at  one  end  or  side  of 
a  basin  and  removed  at  the  other  side  by  a  corresponding  arrange- 
ment, the  conditions  should  be  materially  improved  over  those  of  a 
single  basin,  and  a  line  intermediate  between  1  and  2  may  be  used. 

Baffling  a  sedimentation  basin  consists  in  building  light  walls  or 
partitions  in  it,  partially  dividing  it  into  a  number  of  compartments. 
The  division  is  only  partial,  but  it  serves  in  large  measure  to  prevent 
circulation  between  the  different  successive  compartments.  "With  very 
numerous  baffles,  a  sedimentation  basin  would  evidently  be  cut  up  so 
as  to  be  equivalent  to  a  large  number  of  basins  used  successively. 
Practically,  a  basin  must  not  be  cut  beyond  the  point  which  is  limited 
by  the  allowable  bottom  velocities,  and,  except  in  particular  cases, 
Line  4  may  perhaps  be  taken  as  representing  a  practical  limit  to  the 
results  obtained  in  this  way.  Under  very  favorable  circumstances, 
the  results  indicated  by  Line  8  might  be  reached. 

Keeping  the  foregoing  classification  in  mind,  the  figures  in  Table 

2,    for  the   values   of  —  for  three-foiirths  of  the  sediment  removed, 

indicate  the  relative  areas  of  basins  of  the  different  types  required  to 
jtroduee  equivalent  results.  It  will  be  seen  that  a  well-baffled  basin, 
corresponding  to  Line  4,  will  do  as  much  work  as  a  single  basin  with 
nearly  twice  the  area,  where  mixing  throughout  the  whole  volume  is 
allowed.  Intermittent  basins,  allowing  for  the  time  out  of  service,  do 
only  slightly  more  efficient  work  than  single  basins  operated  continu- 
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ously,  and,  with  the  most  rudimentary  baffling,  with  the  continuous 
system,  puts  the  efficiency  above  that  obtained  on  the  intermittent 
system. 

The  theoretical  efficiency  of  the  surface  skimming  is  well  shown > 
and  only  the  practical  difficulty  and  exjjense  of  carrying  out  this 
method  limits  its  use. 

Application  to  a  Number  or  Basins  in  Use. 

The  princijjles  and  results  of  these  discussions  may  be  better 
understood  by  applying  them  to  a  number  of  jjractical  cases.  The 
dimensions  have  been  taken  in  some  cases  at  approximate  figures,  and 
the  quantities  of  water  assumed  as  passing  are  nominal.  In  several 
cases  they  have  been  taken  as  the  capacities  of  the  plants,  in  other 
cases  as  the  approximate  quantities  recently  treated.  The  quantity  of 
water  treated  obviously  affects  the  results  materially.  In  some  cases 
where  plants  have  been  operated  at  much  less  than  their  nominal 
cajjacities  the  actual  results  have  probably  been  correspondingly  more 
favorable. 

Several  coagulation  basins,  used  in  connection  with  mechanical 
filters,  are  included.  The  primary  purpose  of  these  basins  is  to  allow 
the  necessary  time  for  the  chemical  changes  to  take  place,  but  the 
process  is  facilitated  by  having  them  act  as  sedimentation  basins,  and 
it  is  therefore  fair  to  discuss  them  in  this  way.  Of  coiarse,  in  these 
cases,  the  material  removed  is  of  a  flocculent  nature,  very  different  in 
its  subsiding  value  from  the  sand  and  silt  which  is  taken  as  the  basis 
of  the  comjjutation;  and  the  sizes  given,  therefore,  are  the  sizes  of 
sand  particles  of  equal  hydraulic  value,  and  not  the  actual  sizes  of  the 
flocculent  particles. 

Table  3  is  a  statement  of  the  data,  and  the  comj^utations  re- 
garding a  number  of  basins. 

The  results  shown  in  Table  3  are  very  striking.  The  sj-stem 
of  reservoirs  at  Washington  should  remove  particles  to  0.003  mm.  in 
diameter,  although  the  horizontal  courses  are  so  long  that  bottom 
velocities  may  limit  the  results.  The  Kansas  City  basins  remove  par- 
ticles to  0.005  mm.  The  St.  Louis  and  Albany  basins  remove  jjarticles 
down  to  0.007  mm.  in  diameter.  The  results  from  the  coagulating 
basins  at  Ithaca  and  at  Watertown  are  close  together,  with  removals 
of  0.018  mm.  The  Warren  tank,  at  Pittsburg,  removed  particles  down 
to  0.034  mm.  and  the  Jewell  down  to  0.047  mm.     The  basin  at  Little 
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Falls  gives  the  poorest  sedimentation  of  all,  being  only  able  to  remove 
particles  more  than  0.077  mm.  in  diameter,  whieh  is  coarse  silt  or  very 
fine  sand.  The  latter  must  be  regarded  as  a  coagulation  basin,  only, 
and  it  is  obvious  that  the  sedimentation  which  takes  jjlace  in  it  must 
be  very  limited. 

EEStTME. 

The  fundamental  proposition,  in  clearing  water  by  sedimentation, 
seems  to  be  that  every  particle  of  sediment  moves  downward  through 
the  water  at  a  velocity  depending  upon  its  size  and  weight  and  upon 
the  viscosity  of  the  water.  Particles  of  sediment  are  generally  so  far 
apart  that  they  do  not  influence  each  other;  and,  while  there  is  no 
•doubt  that  they  do  sometimes  collect  in  groups  and  thus  change  the 
conditions,  it  seems  to  be  generally  true  that  each  particle  will  settle 
as  if  no  other  i3articles  were  present. 

If  the  water  in  a  basin  were  absolutely  quiet  there  would  be  a  reg- 
ular sequence  of  clearing  beginning  at  the  top.  The  coarsest  particles 
would  go  down  fastest,  but  at  any  given  point  there  would  be  a  grad- 
ual clearing,  and  this  clearing  would  take  place  most  rapidly  at  the 
top,  and,  after  longer  intervals,  at  lower  points  in  the  basin. 

Seddon  started  out  with  this  theory,  but  found  it  to  be  not  in 
accordance  with  the  facts.  His  observation  showed  that  while  the 
amount  of  sediment  in  the  water  in  the  top  was  a  little  less  than  in 
the  water  in  the  bottom,  the  distribution  was  nearly  equal  throughout 
the  mass,  a  condition  of  atfairs  inconsistent  with  the  theory.  He  ac- 
counted for  this  distribution  of  sediment  by  the  constant  mixing  of 
the  water  from  top  to  bottom,  and  to  the  sustaining  power  of  vortex 
motions  in  the  water.  These  motions  he  thought  arose  from  the  in- 
ternal motion  of  the  water  at  the  time  of  entrance,  and  from  wind,  and 
from  temperature  changes. 

The  writer  has  taken  Seddon's  development  of  the  case  as  his 
starting  point,  and  has  carried  the  discussion  further.  He  believes 
that  while  the  internal  motions  keep  the  water  mixed,  and  with  nearly 
the  same  density  of  sediment  from  top  to  bottom,  the  tendency  of  the 
particles  of  sediment  to  settle  is  nevertheless  an  unbalanced  force 
always  acting  to  take  the  particles  to  the  bottom,  and  the  number  of 
particles  that  hit  the  bottom  in  a  given  time  is  proi>ortional,  first  to 
the  velocity  at  which  the  individual  particles  settle,  and  second  to  the 
.density  of  sediment  in  the  water  immediately  above  the  bottom. 
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With  these  fundamental  relations  in  luind,  it  is  easy  to  compute 
and  to  express  by  simple  formulas  the  proportions  of  particles  of  sedi- 
ment of  a  given  hydraulic  value  which  will  hit  the  bottom  under  given 
conditions  and  which,  therefore,  presumably,  will  be  removed. 

The  fundamental  propositions  may  be  very  concisely  expressed. 
They  are:  First,  that  the  results  obtained  are  dependent  upon  the 
area  of  bottom  surface  exposed  to  receive  sediment,  and  that  they  are 
entirely  independent  of  the  depth  of  basin;  and  second,  that  the  best 
results  are  obtained  when  the  basins  are  arranged  so  that  the  incoming 
water  containing  the  maximum  quautity  of  sediment  is  kept  from 
mixing  with  water  which  is  partially  clarified.  In  other  words,  the 
best  results  are  obtained  where  any  given  lot  of  water  goes  through 
the  basin  with  the  least  mixing  with  the  water  which  entered  before 
it,  and  with  the  water  which  enters  after  it.  This  is  practically  ac- 
complished by  dividing  the  basins  into  consecutive  apartments  by 
baffles  or  otherwise. 

Thus  far,  the  discussion  is  easy  and  apparently  certain.  The  next 
step  is  a  more  difficult  one.  It  relates  to  bottom  velocities,  and  has  to 
do  with  the  question  whether  these  velocities  are  such  as  to  allow  the 
particles  to  remain  on  the  bottom  when  they  get  there,  or  whether 
they  will  be  taken  up  again  and  be  kept  in  motion  with  the  body  of 
the  water.  This  is  a  point  upon  which  further  experimental  data  are 
needed.  The  jjroblem  of  securing  such  data  seems  to  be  difficult. 
The  observations  mixst  be  made  at  the  bottom  of  a  layer  of  liquid  of 
considerable  thickness,  where  the  conditions  of  observation  are  not 
favorable.  The  observations,  further,  must  be  made  on  very  low  velo- 
cities and  on  particles  so  small  as  to  be  practically  microscopic. 

Whatever  view  may  be  taken  of  the  second  part  of  the  problem,  or 
whatever  researches  upon  it  may  show,  the  arrangements  of  basins  most 
favorable  to  taking  i^articles  to  the  bottom  should  stand. 

The  computations  made  in  this  paper  show  the  reasons  for  several 
forms  of  construction  already  successfully  used,  and  suggest  further 
possible  improvements  in  design. 
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DISCUSSION. 


3lr.  Pearsons.  Galek  W.  Peaksons,  M.  Am.  Soc.  C.  E.  (by  letter).— It  is  probably 
correct  to  say  that  the  waters  of  our  western  rivers  have  been  treated 
more  successfully  by  sedimentation  than  by  filtration,  but  neither, 
alone,  has  been  fully  satisfactory.  Their  constantly  changing  condi- 
tion, as  to  high  and  low  water,  and  the  sources  from  which  this  water 
is  derived,  make  the  i^roblem  a  very  difficult  one.  While,  most  of  the 
year,  they  may  be  treated  successfully,  there  are  times  when  they  are 
very  obstinate. 

At  Memijhis  the  writer  observed  a  railroad  tank,  filled  with  water 
from  the  Wolf  River;  this,  standing  unused  for  three  months,  main- 
tained its  dark  color,  and,  on  being  emptied,  showed  no  appreciable 
sediment. 

The  Kansas  River,  sometimes  for  weeks  together,  shows  a  really 
human  aversion  to  settling,  and  gives  the  Missouri  a  similar  character. 
Above  Kaasas  City,  the  Missouri  is  not  so  obstinate;  it  has  badsjjells, 
but  not  such  long  ones;  the  large  amount  of  sediment  precludes  fil- 
tration without  previous  sedimentation,  and,  except  in  some  of  the 
smaller  towns,  the  water  is  little  used. 

It  is  stated  *  that  the  Missouri  carries  a  maximum  of  1  jmrt  by 
weight  of  sediment  in  673.  That  amount  is  often  exceeded  at  Kansas 
€ity. 

In  designing  the  settling  basins  for  Kansas  City,  in  1874,  the  writer 
had  the  benefit  of  the  experience  of  the  late  Henry  Flad  and  T.  J. 
Whitman,  Members,  Am.  Soc.  C.  E.,  of  St.  Louis,  and  of  the  late 
Birdsill  Holly,  of  Lockport,  N.  Y. ,  who  had  made  careful  exi^eriments 
on  both  sedimentation  and  filtration. 

The  sedimentation  at  St.  Louis  was  then  alternate;  Colonel  Flad's 
experiments  showed  that  in  still  water,  of  1  000  parts  of  sediment,  820 
subsided  in  6  hours,  900  parts  in  12  houi's,  930  parts  in  18  hours,  945 
parts  in  24  hours,  966  parts  in  48  hours,  969  parts  in  96  hours.  This 
was  when  the  condition  of  the  river  was  favorable  for  subsidence. 
In  the  writer's  experiments  he  seldom  found  such  rajiid  results,  but 
considers  the  jiroportions  of  sediment  carried  down  in  1,  2,  3,  4,  8  and 
16  units  of  time,  as  a  close  approximation. 

Mr.  Holly's  experiments  showed  that  water  could  be  moved  at  a 
rate  not  exceeding  1  ft.  per  minute,  care  being  taken  to  make  the  flow 
xiniform,  with  but  little  loss  of  efficiency  in  subsidence;  and  the  need 
of  a  iTuiform  water  level  decided  the  construction  of  the  basins  for 
•continuous  flow,  although  their  shajje  was  not  favorable  for  the  best 
results.  The  writer's  experience  with  these  has  led  him  to  consider 
continuous  flow  preferable  to  intermittent. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXXVI,  p.  239. 
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While  it  may  be  necessary  to  consider  the  paiiicles  forminj^  the  Mr.  Pearsons, 
sediment  as  of  uniform  hydraulic  value,  to  enable  a  beginning  of 
mathematical  deduction,  such  uniformity  does  not  exist;  observations 
of  the  dust  falling  on  a  microscope  slide  will  show  some  particles  one 
hundred  times  as  large  as  others,  and  the  same,  no  doubt,  is  true  of 
the  sediment  in  rivers. 

Experiments  made  by  the  writer,  before  designing  the  settling 
Kansas  City  basins,  gave  results  Avhich  may  be  useful  in  the  consider- 
ation of  the  subject. 

Clear,  flint  glass  tubes,  3  ins.  in  internal  diameter,  Avere  joined 
with  heavy  rubber  bands,  making  one  tube  5  ft.  high,  one  of  10  ft. 
and  one  of  15  ft.  These  were  placed  before  a  tall  window,  side  by 
side,  with  the  bottoms  of  the  three  tubes  level,  and  filled  alternately 
with  water  from  the  Kansas  and  Missouri  Kivers,  each  time  filling  the 
three  tubes  together.  Mr.  Holly  observed  some  of  the  experiments. 
His  first  observation  was  that  the  water  cleared  quickly  at  the  top,  as 
has  been  claimed  so  generally,  but,  on  covering  the  tops  of  the  tubes, 
this  was  seen  to  be  ouly  an  apjiearance  caused  by  light  falling  on  the 
surface  of  the  water,  and  no  difl'erence  in  color  could  be  seen  between 
the  top  and  bottom  of  any  of  the  tubes  at  any  time  during  the  sub- 
sidence of  the  water,  the  bottom  of  the  15-ft.  tube  showing  no  more 
color  than  the  5-ft.  tube  beside  it,  at  any  stage  of  the  subsidence. 

This  was  unexpected,  and  careful  examination  was  made  to  dis- 
cover the  reason.  At  first  filling,  the  water  was  so  turbid  that  it  only 
showed  color.  As  it  cleared  gradually  the  writer  was  able  to  see  par- 
ticles descending  near  the  bottom  of  the  15-ft.  tube;  at  times,  some- 
thing of  the  same  could  be  discerned  in  the  10-ft.  tube,  but  with  diffi- 
culty, and  none  at  any  time  in  the  5-tt.  tube. 

These  particles,  by  their  uniform  shape,  exjjlained  their  origin  and 
action ;  they  were  pear-shaped,  or  rather  like  little  tadpoles  swimming 
head  down,  the  tails  tapering  to  invisibility;  plainly  some  larger 
particle  by  its  quicker  descent  had  overtaken  and  joined  smaller  ones, 
and,  increasing  by  constant  addition,  had  at  last  become  visible,  their 
motion  near  the  bottom  being  so  rapid  that,  if  it  had  been  uniform, 
Init  a  few  minutes  would  have  been  reqiiired  for  the  whole  descent. 

These  observations  induced  the  belief  that  more  dejith  could  be 
used  in  sedimentation  than  had  been  considered  advantageous,  thus 
increasing  the  cross-section  by  depth  instead  of  area.  The  fragile 
character  of  these  aggregated  particles  of  soft  mud  also  showed  how 
necessary  stillness  was  to  guard  against  their  disruption,  and  fully 
bears  out  all  that  has  been  claimed  for  the  use  and  necessity  of  baftle 
Ijartitious. 

In  1886  the  soui-ce  of  supply  was  changed  from  the  Kansas  to  the 
Missouri  River,  and  continuous  flow  provided  for  in  the  new  basins, 
though  their  shape  made  its  use  less  effective  than  if  they  had  been 
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Mr.  Pearsons,  parallelograms.  The  water  was  received  in  a  central  basin,  holding 
some  8  hours'  supply,  and  provided  with  a  bottom  having  a  sJoiie  of 
10%  to  admit  frequent  and  rapid  cleaning.  From  this  the  water 
passed  through  three  other  basins,  each  having  a  capacity  of  about  1 
day's  sui)ply  (when  the  flow  was  from  12  to  14  millions  of  gallons  i^er 
day).  The  receiving  basin  gave  deposits  aggregating  as  much  as  80 
ft.  in  dei^th  per  year,  the  second  basin  about  one-third  of  this  dejDth, 
and  the  last  only  a  few  inches.  Of  this  deposit,  nearly  one-half  was 
so  thin  and  soft  that  it  would  flow  out  without  washing,  and  there 
was  no  indication  in  any  of  the  basins  of  any  critical  bottom  velocity. 

The  writer  dissents  entirely  from  the  idea  in  Proposition  12,  that 
any  instantaneous  clearing  of  the  surface  exists.  Though  the  water 
at  the  surface  may  naturally  be  considered  as  freed  more  quickly  from 
the  heavier  sediment,  its  color  will  be  kept  to  a  considerable  extent 
by  the  lighter  material  left  behind,  and  the  clearing  be  found  more 
ajijiarent  than  real.  This  relates  rather  to  color  than  weight  of  sedi- 
ment, which  is  doubtless  less  near  the  surface. 

In  Proposition  13,  the  idea  is  given  that  the  particles  of  different 
hydraulic  value  simjjly  follow  each  its  own  rate  of  descent,  whereas 
the  writer's  experiments  show  that  they  coalesce  with  other  particles 
and  increase  in  size  as  they  descend.  Although  this  increase  may  be 
only  mechanical,  it  would  seem,  even  when  no  coagulants  are  used, 
that  the  action  may  be  analagous  to  that  of  the  formation  of  rain 
drops. 

Of  filtration.  Colonel  Flad's  experiments  showed  that  upward 
filtration  was  efi'ective  fourteen  times  as  long  as  downward,  with  the 
same  water  and  rate  of  flow;  that  is,  it  required  fourteen  times  as  long 
to  clog  the  filter.  This  may  be  considered  properly  in  connection 
with  the  subject,  for  the  reason  that  the  upward  movement  of  the 
water  was  not  greatly  in  excess  of  the  downward  movement  of  the 
sediment,  and  that  the  flow  was  under  ideal  conditions  as  to  stillness 
in  the  water  treated.  Such  filtration,  in  connection  with  adeqiiate 
sedimentation,  would  be  a  step  in  advance  of  any  present  treatment. 
This  is  speaking  of  the  subject  in  a  mechanical  light;  other  considera- 
tions may  modify  these  statements,  which  are  not  intended  as  a  criti- 
cism of  Mr.  Hazen's  able  pajjer,  but  as  presenting  some  data  which 
may  be  of  service. 
Mr.  Weston.  RoBERT  SpuRK  Weston,  Assoc.  M.  Am.  Soc.  C.  E.  — At  New  Orleans 
the  speaker  had  some  experience  with  small  subsiding  basins — basins 
50  ft.  long  and  10  ft.  deep — and,  while  the  experience  gained  is  not  in 
any  way  opposed  to  the  formulas,  assumptions  and  propositions  in 
this  e.Kcellent  paper,  at  many  times  results  were  obtained  which  did  not 
agree  with  those  obtained  by  Seddon  in  St.  Louis.  These  opposite  re- 
sults, however,  may  be  explained,  perhaps,  by  diff'erences  in  local 
conditions,  such  as  the  relative  temperatiires  of  air  and  water. 
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Much  of  the  Mississippi  River  water  at  New  Orleans,  wlien  intro-  Mr.  Weston, 
duced  into  subsiding  basins,  stratified  quickly,  especially  during  the 
periods  when  the  temperature  of  the  air  was  higher  than  that  of  the 
water.  The  incoming  turbid  water  ai)poared  to  flow  under  the  water 
already  in  the  basin,  and,  leaving  part  of  the  susjiended  matter  V)e- 
hind,  appeared  to  rise  vertically  to  the  surface  layers  before  it  moved 
toward  the  outlet. 

The  inlets  of  the  basins  were  at  one  end,  2  ft.  from  the  bottom,  and 
the  outlets — overflow  weirs  the  full  width  of  the  basin— were  at  the 
other.  One  might  argue  from  certain  premises  that  in  these  basins 
the  curve  of  the  suspended  matter  remaining  after  difi^erent  periods 
would  reach  from  inlet  to  outlet  along  a  curve  aj^proaching  a  para- 
bola, as  illustrated  by  the  diagram,  Fig.  '2. 


lUO  parts 


Basin  Capacity  =  72  IIouis  Flow 


1000  parts 


110  parts 


21  hrs.  IS  hr 

Period  of  Sedimentations 

Fig.  2. 


At  times  such  conditions  were  not  observed,  however,  as  Table  4* 
will  show. 

In  Table  4  the  increasing  temperature  of  the  basin  water,  during 
storage,  should  be  noted.  This  is  more  of  a  factor  in  the  South,  per- 
haps, than  in  other  localities,  where  the  temperature  of  the  air  would 
be  higher  than  that  of  the  water  for  a  shorter  period  during  any  aver- 
age year. 

At  other  seasons  of  the  year,  at  New  Orleans,  when  the  temperature 
of  the  river  water  was  not  as  low  as  that  of  the  air,  such  difiercnces  in 
turbidity,  between  the  samples  taken  at  different  depths,  could  not  be 
observed. 

Baffles  are  importaut-aids  to  sedimentation,  and,  Avhereas  excellent 
results  in  subsiding  basins  are  obtained  when  conditions  promote 
stratification,  the  speaker  believes  that  the  ideal  baffle  is  one  which 
similates  stratification,  or,  as  Mr.  Hazen  has  said,  a  horizontal  baffle. 
In  reference  to  this,  it  may  be  interesting  to  mention  the  fact  that,  in 
water-softening  plants,  highly  increased  efficiencies  of  sedimentation 
have  been  obtained  by  a  modification  of  this  design,  that  is,  inclined 
baffles,  inclined  so  that  they  may  be  cleaned. 

*  "  Keport  on  Water  and  Sewerage,"  New  Orleans,  1903. 
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Mr.  Weston.  A  trade,  water- softening  tank,  in  common  use,  is  an  example  of 
this  form  of  constrnction.  In  this  device  the  inclined  i>erforated 
l^lates  are  arranged  around  the  wall  of  the  tall  subsiding  tank;  these 
plates  are  like  shelves  one  above  another.  They  incline  toward  the 
center,  which  is  open.  Whenever  necessary,  the  accumulation  on  the 
l)lates  is  washed  to  the  center  of  the  tank,  where  it  falls  to  the  bottom, 
whence  it  may  be  readily  washed  out. 

TABLE  4. — Vakiations  of  Tuebidity   and   Temperature  of  Water 
IN  Subsiding  Basins  at  Various  Depths. 


River 

Water. 

Inlet  End. 

Outlet  End. 

Date. 

Hour. 

Source. 

in 
feet. 

Silica 
tur- 
bidity. 

Temper- 
ature, in 

Silica 
tur- 
bidity. 

Temper- 
ature, in 

Silica 

Temper- 
ature, in 

1901. 

degrees, 
Fahr. 

degrees, 
Fahr. 

bidity. 

degrees, 
Fahr. 

Mar.  26. . 

10 

S.  B.l 

0 

900 

52.1 

10 

62.6 

20 

64.4 

•'      " 

" 

2 

900 

52.1 

12 

61.7 

25 

61.7 

"      " 

" 

4 

900 

52.1 

190 

56.3 

220 

56.3 

"      •' 

6 

900 

.52.1 

380 

56.3 

400 

56.3 

" 

" 

8 

900 

52.1 

480 

55.4 

440 

55.4 

"     27.. 

9 

0 

950 

54.6 

40 

64.4 

80 

63.5 

"      " 

" 

2 

950 

54.6 

180 

58.1 

180 

58.1 

"      " 

" 

4 

950 

54.6 

360 

55.4 

360 

56.3 

"      "  . . 

" 

6 

950 

54.6 

500 

55.4 

550 

55.0 

"      " 

" 

8 

950 

54.6 

625 

54.6 

600 

55.0 

"     38.. 

10 

0 

975 

53.2 

100 

100 

" 

'• 

2 

975 

53.2 

270 

270 

"      "  . . 

" 

4 

975 

."^3.2 

400 

380 

"      "  . . 

" 

6 

975 

53.2 

440 

480 

8 

975 

53.2 

600 

600 

Note:  Silica  turbidity  results  are  given  in  parts  per  million. 

But  it  is  one  thing  to  remove  successfully  thfe  coarse  crystalline 
sediment  resulting  from  the  softening  process,  and  another  to  remove 
by  such  a  i^rocess  the  fine  colloidal  clay  particles  from  natural  waters. 

It  seems  to  the  speaker  that  the  ideal  condition  for  economical 
subsidence  is  that  outlined  under  Proposition  12,  in  the  paper,  -where 
the  water  enters  near  the  bottom  of  the  tank  and  escapes  near  the  top. 
The  nearest  approach  to  this  condition  would  seem  to  be  basins  with 
frequent  baffles.  These  baffles  should  be  built  so  as  to  skim  the 
water  from  the  first  comi^artment  and  deliver  it  near  the  bottom  of  the 
following  compartment.  One  reason  for  this  is  that  the  frequent 
bringing  of  the  water  to  the  bottom  of  the  basin,  provided  always  that 
the  velocity  is  not  increased  greatly  thereby,  diminishes  the  distance 
through  which  the  particles  must  sink.  It  is  easier  to  prevent  par- 
ticles from  rising  than  to  precii^itate  these  same  particles  against  the 
same  current. 

With  this  form  of  construction,  it  would  be  easy  to  arrange  to  use 
the  whole  basin  when  conditions  were  such  that  stratification  could 
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exist,    and,    if  it  did   not   exist,    the   sedimentation   basins  would  be  Mr.  Weston, 
broken  up  into  compartments,  thereby  diminishing  the  eflect  of  wind 
and  temperature  distui-bances. 

Mr.  Hazen  bases  a  large  number  of  propositions  on  one  value  of  /. 
It  Avould  be  interesting  to  substitute  other  values  of  /, — for  instance, 
infinity.  In  the  latter  case,  t  would  be  a  quantity  vastly  different  from 
those  mentioned  in  the  paper.  Mr.  Fuller  has  illustrated  this  phase 
of  the  conception  very  clearly  by  noting  that  part  of  the  colloidal  sus- 
pended matter,  i^artieularly  the  fine  clay  in  the  rivers  of  the  Missis- 
sippi Basin,  never  settles,  that  is,  never  from  a  practical  standpoint. 
This  clay  is  so  fine,  however,  that  it  is  beyond  the  reach  of  plain  sub- 
sidence, and  should  be  treated  in  other  ways.  Continuing  with  this 
thought  along  the  line  of  Mr.  Hazen's  conclusions,  one  might  come  to 
believe  that  multifold  filtration,  leaving  out  of  consideration  the  ab- 
sorptive power  of  the  sand  itself,  would  not  remove  continuously  and 
completely  the  last  particles  of  fine  clay,  except  at  prohibitively  low 
rates  of  filtration. 

Geokge  W.  Fullek,  M.  Am.  See.  C.  E. — This  paper  is  an  excellent  Mr.  Fuller. 
one,  and  the  clear-cut  manner  in  which  certain  portions  of  this  very 
complex  subject   are  treated    should  do  much  to  facilitate  a  clearer 
understanding  of  the  whole  toi)ic. 

The  first  six  pi'oi)ositions  of  this  paper,  resulting  in  a  series  of 
equations  and  the  data  upon  which  Fig.  1  is  based,  are  treated  in  a 
logical  manner,  on  the  basis  of  the  assumptions  stated.  Their  treat- 
ment from  the  standpoint  of  sediment  of  but  a  single  hydraulic  sub- 
siding value  is,  of  course,  a  matter  of  convenience,  greatly  aiding  the 
development  of  the  theoretical  side  of  the  subject,  to  which  the  pajjer 
is  essentially  devoted.  The  practical  side  involves  a  consideration  of 
ranges  in  hydraulic  subsiding  values,  /,  as  they  actually  occur  in  the 
sediment  of  muddy  water,  an  aspect  which  the  author  has  taken  up  in 
this  paper  from  some,  but  by  no  means  all,  points  of  view. 

The  portion  of  the  paper  which  has  interested  the  speaker  most  is 
that  considered  under  Projjosition  15.  This  exposition  of  the  compar- 
ative efficiency  of  filters  of  diflerent  kinds,  and  of  sedimentation  basins, 
in  removing  suspended  matters  of  varioiis  sizes  is  very  ingeniouslv 
worked  out.  The  treatment  of  the  ordinary  sand  filter  from  the  stand- 
point of  a  series  of  minute  sedimentation  basins  should  especially 
clarify  the  views  of  those  who  have  held  to  the  German  idea,  that 
these  filters  accomplish  their  work  largely  or  wholly  by  biological 
agencies.  It  should  also  prove  instructive  to  those  who  do  not  ajjpre- 
eiate  the  limitations  of  sand  filters  and  scrubbers  in  removing  minute 
particles  of  clay  and  other  suspended  matter.  Mr.  Hazen's  able  pres- 
entation of  the  physics  of  sedimentation  as  applied  to  filtration  is  in 
general  accord  with  the  results  of  various  studies  and  investigations  in 
the  United  States  upon  water  purification,  a  few  of  the  more  general 
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Mr.  Fuller,  features  of  which  may  be  approi^riately  summarized  in  this  connection 
as  follows: 

Physical  Aspects  of  Sand  Filters  and  Scrubbkrs. 

Early  Vieirs. — It  may  be  of  interest  to  state  that  this  general  phys- 
ical view  of  the  operation  of  an  ordinary  sand  filter  is  by  no  means  new. 
It  was  not  new  when  referred  to  by  the  late  William  Ripley  Nichols  in 
his  lectures  more  than  twenty  years  ago  to  the  students  at  the  Massa- 
chusetts Institute  of  Technology.  He  then  stated  the  general  features, 
but  not  the  controlling  or  comparative  details,  in  a  clear  manner  in 
these  lectures.  *  Shortly  afterward,  bacteriology  as  a  science  had  its 
origin.  At  Berlin  the  subject  was  studied  carefully  for  several  years, 
largely  by  medical  men,  with  the  result  that  the  biological  theory  of 
filtration,  taken  as  a  general  proposition,  occupied  in  Germany  an  un- 
duly important  position. 

"  Schmutzdecke"  not  Indis])ensable. — Early  German  workers  were  in- 
clined to  regard  the  slimy  dejiosit  on  the  surface  of  a  sand  layer  as 
all-important  for  efficient  filtration.  Most  of  them  regarded  the 
main  body  of  the  sand  layer  simjily  as  a  support  and  underdrain  for 
the  surface  film,  although  some  considered  the  sand  layer  itself  as 
possessing  a  steadying  influence  on  the  j^rocess  during  abnormal  con- 
ditions. The  early  work  upon  water  filtration  at  Lawrence,  Mass., 
indicated  very  quickly  that  the  significance  of  the  surface  film,  while 
no  doubt  imjjortant,  was  a  factor  which  had  been  greatly  overestimated. 
This  was  shown  by  the  results  obtained  from  numerous  test  filters 
treating  the  Merrimack  Eiver  water  when  operating  intermittently, 
which  caused  the  surface  film  to  be  disturbed  during  the  daily  process 
of  draining  and  filling  the  filters.  Views  similar  to  those  held  at  Law- 
rence, as  to  the  overestimated  value  of  the  surface  coating  to  sand 
filters,  were  advanced  by  German  investigators,  particularly  Reinsch, 
of  Altona;  but,  notwithstanding  this  fact  and  the  large  series  of  obser- 
vations made  at  various  places  throughout  this  country  in  dealing  with 
waters  of  various  types,  there  still  seems  to  exist  on  the  part  of  many 
an  erroneous  impression  as  to  the  significance  of  these  surface  films. 
It  is  true  that  ordinarily  a  large  i^ercentage  of  the  work  is  actually 
accomplished  at  and  near  the  surface  of  a  sand  filter,  but  the  efficiency 
of  filters  which  have  been  scraped  to  an  unusual  depth,  and  of  filters 
treating  waters  containing  no  constituents  to  form  these  surface  coat- 
ings, presents  a  line  of  evidence  the  soundness  of  which  seems  to  be 
beyond  all  doubt. 

Sand  Filters  u'ith  Granular  Surface. — In  oj^erating  filters  which 
receive  clay-bearing  waters,  especially  waters  of  the  large  rivers  of  the 
South  and  West,  from  which  the  sand,  silt  and  coarser  clay  particles 
have  been  removed  by  deposition  in  settling  reservoirs,  one  of  the 

*  "Water  Supply,"  by  W.  K.  Nichols,  Wiley  &  Sons,  1883. 
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most  characteristic  features  is  that  the  sand  surfaces,  when  the  water  Mr.  Fuller, 
is  drawn  down  preparatory  to  scraping  to  relieve  clogging,  present  a 
granular  appeai'ance,  and  the  slimy  coating  noticed  in  the  filters  in 
Europe  and  in  the  noitheastern  part  of  the  United  States  is  almost  en- 
tirely lacking.  Sand  tilters  rec-eiving  such  olay-bearing  waters  possess 
one  important  point  of  similarity  to  tilters  operating  upon  non-clay 
bearing  waters  containing  organic  matter,  in  that  the  clay  particles 
detained  in  and  upon  the  sand  layer  furnish  an  adhesive  surface  which 
is  of  importance  in  causing  the  detention  of  the  very  small  particles 
of  clay  and  of  bacteria  in  the  applied  water. 

Biological  Aclions  nut  Indispensable. — Many  persons  seem  to  regard 
sand  tilters  as  accomplishing  their  work  in  the  removal  of  bacteria  by 
the  aid  of  biological  agencies,  which,  in  some  mysterious  manner, 
cause  the  destruction  of  bacteria  within  the  filter.  Where  filters 
receive  water  containing  considerable  organic  matter  of  an  unstable 
nature,  the  nitrification  process  does  take  place  in  sand  tilters  in  a 
manner  which  is  very  noticeable.  On  the  other  hand,  sand  filters 
receiving  clay-bearing  Avaters  quite  rich  in  mineral  matter  and  bacteria, 
but  almost  lacking  in  unstable  organic  matter,  are,  under  many  con- 
ditions, also  efficient  in  causing  the  removal  of  bacteria.  The  essential 
facts  in  the  case  are  that  the  bacteria,  by  physical  means,  are  detained 
upon  and  within  the  sand  layer  under  conditions  where  they  gradu- 
ally die,  or  are  removed  from  the  surface  of  the  sand  layer  at  times  of 
scraping.  While  nitrification,  in  some  instances,  is  of  significance  in 
water  filtration,  it  is  not  essential,  as  is  the  case  with  ordinary  sewage 
filters.  Numerous  sand  filters,  which  are  effective  in  removing  bac- 
teria from  clay -bearing  waters  in  the  absence  of  measurable  nitrifica- 
tion, afford  convincing  proof  of  this  point. 

Storage  and  Unloading  of  Clay  Particles. — The  physical  theory  in 
explanation  of  the  working  of  sand  filters  has  been  much  strengthened 
by  experiences  in  the  operation  of  filters  which  receive,  for  many  days 
at  a  time,  water  containing  a  considerable  quantity  of  sub-micro- 
scopical clay  particles.  Under  these  circumstances,  sand  filters 
frequently  give  a  clear  effluent  and  good  results  in  every  way  for  a 
number  of  days,  but  sooner  or  later  their  capacity  is  overtaxed  and, 
for  some  time,  they  may  produce  an  effluent  which  is  more  turbid,  due 
to  clay  particles,  than  the  influent.  This  is,  of  course,  due  to  the 
unloading  of  the  stored  clay  particles  from  the  millions  of  minute 
sedimentation  basins  within  the  sand  layer  of  the  filter.  This  effect 
of  storage  and  unloading  of  minute  suspended  particles  by  a  sand 
layer,  which  was  noted  at  Cincinnati,  is  also  experienced,  in  some  in- 
stances, by  filters  which  receive  a  water  containing  ahimiuum  hydrate 
in  a  fine  colloidal  form,  such  as  results,  in  some  cases,  from  the  addi- 
tion of  an  insufficient  quantity  of  coagulant  to  allow  settling  basins, 
preliminary  to  filtration,  to  operate  to  good  advantage. 
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Mr.  Fuller.  Adhesive  Surfaces. — Wliile  the  Schmittzdecke  theory  has  not  iiroved  to 
be  generally  api)lieable  in  exi)lanation  of  the  efficiency  of  sand  filters, 
it  is  associated  with  one  idea  which  is  of  much  importance.  Reference 
is  made  to  the  adhesive  surface  of  the  films  attached  to  the  sand 
grains,  especially  near  the  surface  of  the  layer.  These  films  are 
formed,  of  course,  in  a  difierent  w  ay  in  the  case  of  different  waters  and 
sands,  and,  no  doubt,  show  quite  appreciable  variations  at  different 
times  in  the  case  of  the  same  filter  dealing  with  water  from  the  same 
source  in  different  seasons  of  the  year,  etc.  It  is  believed  by  the  speaker 
that  the  influence  of  adhesion  resulting  from  these  coatings  on  the 
sand  grains  (or  what  might  be  called  the  floor  of  the  minute  sedimen- 
tation basins,  if  one  may  so  speak  of  the  voids  within  the  sand  layer), 
is  very  imijortant,  and,  if  clearly  understood,  would  go  a  long  way 
toward  explaining  differences  in  the  behavior  of  filters  under  different 
circumstances  which  are  at  present  quite  perplexing  in  some  instances. 
This  idea  may  perhai^s  be  made  plainer  if  this  adhesive  action  should 
be  viewed  as  offsetting  the  effect  of  bottom  velocities,  such  as  are 
apparent  in  many  large  settling  basins,  and  which  cause  the  removal 
with  the  water  of  sediment  which  has  once  been  deposited. 

Ripeninr/. — The  expression  "ripening  "  of  filters,  while  not  perhaps 
very  frequently  noted  in  textbooks,  is  quite  commonly  used  by  those 
who  have  to  deal  with  the  operation  of  water  filters.  "When  sand 
layers  are  new,  it  is  quite  generally  found,  in  the  case  of  both  sand 
and  mechanical  filters,  that  the  efficiencies  are  somew^hat  less  than 
normal.  General  observations  indicate  quite  clearly  that  this  is  in 
many,  if  not  all,  cases  associated  to  a  considerable  degree  with  the 
absence  of  the  sticky,  gelatinous  surfaces  which  sooner  or  later  become 
attached  to  sand  layers.  Those  persons  who  visited  the  Lawrence 
Experiment  Station  about  fifteen  years  ago  will  recall  that  perhaps 
the  most  striking  feature  to  be  noted  there  was  the  purification  of 
sewage  accomi^lished  by  two  test  filters  of  fairly  coarse  gravel  (Nos. 
15A  and  16^),  which  were  placed  in  operation  in  June,  1889.  The 
voids  of  these  gravel  filters  contained  considerable  suspended  matter 
of  a  more  or  less  sticky  nature,  and,  Avithout  doubt,  this  feature  of 
the  filters  went  a  long  way  in  explaining  the  surprisingly  efficient 
results  which  they  accomplished.  In  this  general  connection,  mention 
may  be  made  of  the  fact  that,  in  a  number  of  instances,  mechanical 
filters  have  been  operated  somewhat  disadvantageously,  due  to  too 
thorough  cleaning. 

Scrubbers. — With  regard  to  scrubbers  for  a  preliminary  treatment 
of  certain  types  of  water,  preparatory  to  filtration,  the  assumption,  in 
this  paper,  of  gravel  layers  alone,  Avithout  sponge  or  other  fibrous  or 
fine  material,  of  course  lessens  their  natural  efficiency  as  to  the  size 
and  relative  amount  of  particles  which  can  be  removed,  and  does  not 
place  them  strictly  in  the  class  wdth  scrubbers  such  as  have  been  in 
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operation  for  some  months  at  the  Lower  Eoxboroiigli  filter  plant,  in  Mr.  Fuller. 

Pliiladelphia,  and  such  as  were  tested  in  1903  at  the  Ludlow  Reservoir, 

of  the  Springfield  supply.     With  scrubbers  of  the  type  last  referred 

to,  there  was  found  to  be  practically  no  difference,  in  the  removal  of 

algae,  between  them  and  mechanical  filters,  operated  without  the  aid 

of  a  coagulant,  according  to  the  experience  gained  from  several  months' 

investigations  in  the  treatment  of  the  Ludlow  water,  at  Springfield, 

Mass. 

Springfield  Tests. — The  prime  object  of  investigating  these  pre- 
liminary filters  at  Springfield  was  the  removal  of  Anaho'nft,  one  of  the 
blue-green  algse,  which  produces  serioiasly  objectionable  tastes  and 
odors.  These  organisms  are  considerably  larger  than  the  ordinary 
bacteria.  A  feature  of  much  interest  and  of  some  surprise  was  that 
the  percentage  of  removal  of  theseorganisms  was  less  than  the  removal 
of  bacteria  as  observed  under  ordinary  circumstances  in  operating 
these  devices  elsewhere.  The  reason  of  this  is  not  plain,  but  very 
likely  is  associated  with  the  physical  character  of  the  smooth,  thin  cell 
walls  of  these  algse,  especially  with  reference  to  the  comparative 
absence  of  a  surface  which  would  facilitate  adhesion  within  the  pores 
of  a  sand  layer.  Frequently  these  devices  in  removing  Amtbopna 
behaved  similarly  to  sand  filters  in  treating  clay-bearing  waters  in  the 
South  and  West,  as  already  mentioned,  as  regards  storing  and  unload- 
ing suspended  matter. 

Praciicabililii  of  Scrubbers. — The  value  of  scrubbers  and  other 
devices  for  preliminary  treatment  of  water  prior  to  filtration  depends 
upon  local  conditions,  based  largely  upon  elements  of  cost.  In  some 
cases  they  appear  to  have  much  merit;  in  others,  it  is  doubtful  if  their 
efficiency  is  commensurate  with  their  cost. 

Efflciencii  of  Scrubbers. — One  feature  of  rapid-rate  preliminary 
filters  which  has  been  clearly  demonstrated  is  their  capacity  to  remove 
an  approximately  constant  percentage  of  suspended  matter  within 
certain  limits,  and  not  to  remove  clay  and  other  suspended  matters,  so 
that  there  will  be  a  constant  and  low  turbidity  in  the  effluent,  regard- 
less of  the  character  of  the  applied  water.  The  reason  of  this  is  that, 
as  the  turbidity  in  river  waters  increases,  following  freshets,  there  is 
generally  a  somewhat  similar  increase  of  those  particles  of  a  hydraulic 
subsiding  value  too  small  to  be  removed  under  the  given  conditions, 
as  set  forth  in  Proposition  15,  and  as  is  equally  true  of  plain  sedimen- 
tation basins. 

Comparison  or  the  Practical  with  the  Theoretical  Aspects  of 
Sedimentation. 

Turning  from  the  phase  of  the  subject  dealing  with  filters  and 
scrubbers  to  what  may  be  called  plain  sedimentation,  or  sedimenta- 
tion in  conjunction  with  coagulation,  the  discussion  in  the  paper  seems 
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<IIr.  Fuller,  to  be  from  a  rather  narrow  point  of  view,  in  consequence  of  the  pre- 
mises assumed.  While  the  deductions  and  statements  seem  true  as 
;general  propositions,  they  are,  in  some  regards,  at  variance  with  prac- 
tiical  experience  as  noted  by  the  speaker.  This  subject  is  so  comiilex, 
liowever,  that  it  is  somewhat  difficult  to  set  foi'th  clearly  the  true  value 
to  be  attached  to  some  observations  as  regards  generalizations.  It  is 
believed  that  the  whole  subject  will  take  a  clearer  aspect,  if  more  con- 
sidei'ation  is  given  to  the  wide  range  in  the  subsiding  value  of  particles 
as  they  are  found  in  muddy  waters,  and  the  relation  of  this  point  of 
view  to  a  number  of  the  more  important  features  will  be  taken  uji  in 
turn  as  follows: 

Effect  of  Teviiievdlure. — At  the  bottom  of  page  64  it  is  stated  that 
a  given  sedimentation  basin  will  do  twice  as  much  work  in  summer  as 
in  winter,  owing  to  the  influence  of  temperature  upon  hydraulic  sub- 
siding values.  This  proposition  is,  in  general,  true  for  particles  of 
clay  and  other  matters  of  such  size  that  their  subsiding  value  is  de- 
pendent largely  upon  the  viscosity  of  the  water.  In  practice  it  is  found 
that,  of  the  wide  range  in  size  of  particles  found  in  muddy  river  water 
a  considerable  portion  have  such  subsiding  values  that  in  almost  any 
settling  basin  they  will  become  deposited  in  either  summer  or  winter; 
4ihere  are  also  in  most  muddy  waters  a  large  number  of  particles  of 
ranch  size  that  by  plain  sedimentation  they  cannot  be  removed  in  any 
reasonable  period  of  time,  even  under  summer  conditions.  Therefore 
the  effect  of  temjjerature  on  the  operation  of  sedimentation  basins  in 
practice  is  confined  to  that  range  of  particles  having  a  maximum  sub- 
siding value  sufficient  to  be  effective  under  winter  conditions  and  a 
minimum  value  effective  only  under  summer  conditions.  Within 
■the  range  of  the  speaker's  observations- upon  plain  sedimentation 
Tjasins,  temperatiire  is  not  oi'dinarily  a  factor  of  much  practical  signifi- 
«Jt5ance.  In  some  cases  it  is  quite  noticeable,  and,  in  other.?,  its  influence 
a?.an  scarcely  be  detected. 

Dedd  Spacer  in  Reservoirs. — Regarding  the  question  of  dead  sjiaces 
in  settling  reservoirs  as  an  introductory  proposition  setting  forth  the 
advantage  of  baffles,  this  matter,  as  discussed  under  Proposition  7,  may 
also  be  amplified  from  the  standpoint  of  jiarticles  having  a  wide  range 
in  subsiding  values.  It  may  be  of  interest  here  to  state  that  when  the 
Crescent  Hill  Reservoirs,  at  Louisville,  were  cleaned  a  few  years  ago, 
it  was  found  that,  except  for  the  coarse  material  piled  up  near  the 
inlet,  the  depth  of  sediment  was  substantially  uniform  over  the  entire 
bottom,  notwithstanding  the  fact  that  the  water  entered  at  one  corner 
and  passed  out  at  the  diagonally  opposite  corner  of  these  basins,  which 
are  nearly  square.  The  only  explanation  of  this,  which  has  occurred 
to  the  speaker,  is  that  the  relative  volumes  of  water  treated  per  square 
foot  in  and  near  the  corners  away  from  the  inlet  and  outlet,  as  com- 
j)ared    with    those    along  and    near    the  most    direct    line    of    flow. 
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■were  counterbalanced  by  the  relative  amounts  of  sediment  deposited  Mr.  Fuller, 
per  volume  of  water  treated.  The  fluidity  of  tlie  deposited  sediment 
may  have  had  some  tendency  to  level  the  deposits,  but  it  is  not 
believed  that  this  was  a  controlling  factor  in  these  basins,  each  of 
which  has  a  capacity  of  about  50  000  ()()()  gal.,  or  about  three  days' 
supply. 

Baffles. — Settling  basins  are  provided  with  baffles  or  j^artitions  in 
order  to  accomplish  one  of  two  results.  One  of  these  is  to  i)roduce  a 
velocity  of  flow  of  water,  so  as  to  prevent  deposition  of  suspended 
matters  and  to  bring  about  a  thorough  mixing  of  two  or  more  streams, 
such  as  is  frequently  necessary  when  applying  chemical  solutions  to 
water  or  sewage.  The  other  object  of  baffles  is  to  guard  against 
dead  spaces  in  settling  basins,  which  cause  the  practical  eflect  of  the 
basin,  as  an  aid  to  subsidence,  to  be  no  greater  than  that  which  theo- 
retically would  be  obtained  with  a  basin  of  smaller  size.  Baffles  are 
used,  therefore,  to  accomjalish  diametrically  opposite  results,  namely, 
to  jjromote  mixing  or  to  prevent  deposition  on  the  one  hand,  and  to 
facilitate  sedimentation  on  the  other.  No  comments  are  necessary 
from  the  standpoint  of  mixing,  as  that  simply  relates  to  the  placing  of 
baffles  so  as  to  reduce  the  cross-section  of  the  moving  body  of  water  in 
order  to  bring  about  the  desired  acceleration  in  velocity.  The  use  of 
baffles  to  facilitate  subsidence  is  undoubtedly  a  feature  which  can  be  used 
to  greater  advantage  in  the  United  States,  under  some  circumstances, 
than  hitherto  has  been  the  practice  of  American  engineers,  and,  in  this 
regard,  the  speaker  is  in  accord  with  the  views  of  the  author.  Baffles 
are  most  advantageously  used,  as  a  general  proj^osition,  when  they 
make  the  velocity  of  the  entire  flow  as  nearly  equal  as  possible  to  that 
obtained  by  dividing  the  contents  of  the  basin  by  the  volume  of  water 
passed  through  it  in  a  given  length  of  time.  Baffling  to  a  greater 
degree  than  this,  except  in  cases  where  the  mean  velocity  is  much  less 
than  t^ie  critical  velocity,  commences  to  retard  deposition  by  increas- 
ing the  velocity  and  making  the  basin  approach  a  mixing  comiaartment. 
On  the  other  hand,  baffling  to  a  less  degree  than  this  theoretically 
allows  dead  sj^aces  to  exist,  thus  making  the  aggregate  effect  of  a 
basin  measurably  less  than  that  corresponding  theoretically  to  the 
dimensions  in  a  given  case,  as  some  of  the  water  reaches  the  outlet  too 
quickly. 

Work  done  by  Sedimentation. — In  several  places  in  this  paper  use  is 
made  of  the  exjjression  "  work  done,"  as,  for  instance,  it  is  said  that 
one  basin  would  do  twice  as  much  work  as  another.  Those  familiar 
with  this  subject  will  have  no  misunderstanding  as  to  what  is  meant, 
but  it  is  quite  possible  that  to  the  casual  reader  this  may  unwittingly 
be  misleading.  As  basins  actually  operate  in  practice,  the  use  of 
baffles,  for  instance,  to  remove  dead  spaces  effectively,  does  not  mean 
that,  as  a  result  of  the  baffles,  twice  as  much  sediment  in  a  given  vol- 
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Mr.  Fuller,  nme  of  water  will  be  removed  under  certain  assumed  conditions,  Imtit 
means,  in  more  strict  language,  that  twice  as  much  water  may  be  clari- 
fied to  the  degree  in  question.  In  a  great  many  settling  basins,  the 
velocity  of  flow  is  so  low  that  to  remove  more  silt  or  clay  from  the 
water  by  plain  subsidence  is  a  very  difficult  and  expensive  undertaking. 
There  are  settling  basins  where  the  addition  of  100%  in  size  of  basin 
w^ould  not  allow  a  removal  of  10  or  even  5%  more  sediment  from  the  same 
volume  of  water  as  treated  in  the  unextended  basin;  and  there  are  also 
basins  which  could  be  modified  by  baffles,  so  that  100%  more  water 
could  be  treated  with  substantially  the  same  degree  of  clarification. 

Economical  Limits  of  Plain  Sedimentation. — Extensive  investigations 
at  various  places  in  the  Mississippi  Basin  have  shown  that  it  is  entirely 
oiit  of  the  question  to  remove  all  the  silt  and  clay  from  muddy  waters 
by  plain  sedimentation,  and  it  has  become  necessary  for  engineers  to 
recognize  that,  in  water-purification  plants,  attention  must  be  given 
to  the  economical  limits  of  plain  sedimentation.  Under  existing  local 
conditions,  an  opinion  must  be  formed  as  to  how  far  it  is  advantageous- 
and  economical  to  remove  sediment  by  plain  subsidence,  and  how  far 
it  is  necessary  or  advantageous  to  remove  it  by  coagulation,  further 
subsidence  and  filtration.  Obviously,  plain  sedimentation  should  not 
be  carried  beyond  a  point  where  the  remaining  sediment  can  be 
removed  more  cheajily  and  just  as  satisfactorily  by  other  means. 
This  aspect  of  the  proposition  shows  at  once  that  sedimentation  is  a 
much  more  flexible  feature  of  purification  works  than  many  might 
suppose. 

Influence  upon  Sedimentation  of  Constructive  Features. — As  sedimen- 
tation basins  are  actually  built,  they  exhibit  about  as  wide  a  range  of 
variation  in  design  as  is  to  be  found  in  any  ordinary  water-works 
construction,  because  of  the  ease  with  which  they  may  be  adajsted  to 
important  local  features  and  surroundings  and,  at  the  same  time, 
serving  their  purpose  within  reasonably  satisfactory  limits.  Various 
sedimentation  basins,  independent  of  the  very  large  reservoirs  which 
should  be  classed  as  storage  basins,  range  in  depth,  for  instance,  from 
5  to  50  ft.  "While  there  are  certain  limits  which  must  be  provided  for 
as  regards  their  efficiency  from  the  standpoint  of  sedimentation,  it  is 
generally  true,  at  least  within  the  experience  of  the  speaker,  that  a 
variety  of  factors,  taken  singly  or  collectively,  are  more  likely  to  con- 
trol the  most  economic  and  advantageous  design  than  a  consideration 
of  the  strictly  theoretical  view-point.  Thus,  in  the  projected  sedi- 
mentation basins  at  New  Orleans,  the  depth  will  not  exceed  about  12 
ft.,  due  to  the  fact  that  the  soil  will  not  safely  carry  a  load  of  more 
than  800  to  900  lb.  per  sq.  ft.  At  Norfolk,  Va.,  the  basins  adjoining 
the  pumping  station  have  a  depth  of  about  G  or  7  ft.,  which  is  as  deei> 
as  the  existing  soil  conditions  conveniently  and  economically  permit 
in  connection  with  a  gravity  flow  from  the  storage  basins  farther  up 
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ou  the  water-sbed.  Tlie  recently  built  settling  basin  for  tlie  Hacken-  Mr  Fuller, 
sack  Water  Company,  at  New  Millord,  N.  J.,  has  a  much  greater  depth 
and  area  than  will  be  needed  for  some  time,  solely  for  constructive 
and  economic  reasons,  due  to  the  fact  that,  under  local  conditions, 
,  an  earth  basin,  partly  in  excavation  and  with  earth  embankments, 
could  be  constructed  of  much  larger  size  for  the  same  money  than  was 
the  ease  with  a  concrete  structure.  The  result  is  that  for  the  same  money 
there  is  obtained  a  basiu  far  less  ideal  from  the  standpoint  of  the 
theoretically  perfect  settling  basin,  yet  one  which  will  adequately 
serve  its  purj^ose  (as  the  capacity  of  the  plant,  as  a  whole,  is  enlarged) 
longer  than  the  more  ideal  concrete  structure  of  equal  cost.  At  Little 
Falls,  the  restricted  area  of  the  most  available  site  and  the  desirability 
of  saving  the  exj^ense  of  extra  jjumping  caused  the  construction  of  a 
basiu  of  extraordinary  depth  with  reference  to  its  cajjacity  and  area. 
Under  conditions  still  more  limited  as  to  area,  a  deep  circular  sedi- 
mentation tank  has  been  used  with  satisfaction  at  Keokuk,  Iowa,  and 
tanks  of  this  style  are  now  being  built  at  Burlington,  Iowa.  In  the 
list  of  basins  given  in  Table  3  of  the  paper,  there  is  no  doubt  about 
the  constructive  aud  economic  reasons  having  been  imi^ortant  factors 
in  deciding  upon  the  design  of  the  works.  It  is  needless  to  recite 
further  instances,  as  it  is  obvious  that  the  economical  advantages  of 
securing  a  theoretically  perfect  settling  basin  are  by  no  means  great 
enough  under  many,  and  perhaps  a  majority,  of  conditions  to  disre- 
gard the  most  careful  consideration  of  a  well-balanced  design  as  a 
whole. 

Depth. — There  is  a  good  deal  to  be  said  of  the  differences  between 
theory  and  practice  upon  the  question  of  depth.  Theoretically, 
depth  cuts  no  figure  as  long  as  the  vertical  transverse  section  of  the 
mass  of  moving  water  is  large  enough  to  lower  the  velocity  to  that 
approaching  the  subsiding  value  of  the  smallest  particles,  which  is 
feasible  under  the  conditions  of  practice;  and,  further,  provided  that 
the  bottom  velocities  are  maintained  sufficiently  low  not  to  sweep 
along  the  bottom  and  out  of  the  basin  too  much  sediment,  especially 
at  times  when  there  is  an  increase  in  the  volume  of  water  treated  by  a 
given  basin,  with  a  corresponding  acceleration  in  horizontal  velocity. 
Besides  these  factors  there  must  also  be  considered  the  question  of 
providing  for  accumulating  sediment  in  a  manner  consistent  with  its 
economical  removal.  From  a  theoretical  standpoint,  there  is  very 
little  reason  for  taking  serious  exception  to  the  statement  made  by  the 
author  that  "results  are  entirely  independent  of  depth";  although, 
viewing  the  matter  as  a  practical  proposition,  it  is  probably  safer  to 
say  that  depth  is  the  last  feature  in  the  design  to  receive  attention  for 
efhcient  sedimentation.  This  is  the  way  many  European  engineers 
state  the  matter,  aud,  while  they  frequently  build  basins  of  consider- 
able depth,  it  is  a  fact  that  for  sedimentation  purposes  alone,  such  as 
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Mr.  FulJer.  in  chemical  precipitation  works  for  sewage  treatment,  their  basins 
are  usually  only  about  6  or  7  ft.  in  dei>th. 

Econoink'dl  Limits  in  Size  of  Cortf/idnting  Basins. — The  first  object  of 
a  coagulating  basin  is  to  afford  time  for  the  coagulant  to  act  upon  the 
water,  and  for  the  resulting  suspended  masses  to  form  aggregates  of 
greater  subsiding  value  than  the  individual  particles.  The  second 
object  is  the  deposition  of  the  suspended  matter.  Just  as  in  the  case 
of  plain  sedimentation,  there  is  an  economical  limit  to  the  size  of  co- 
agulating basins.  It  may  be  defined  by  stating  that  sedimentation  in 
coagulatiug  basins  cannot  be  carried  advantageously  beyond  a  point 
where  further  removal  of  suspended  matter  can  be  more  cheajjly  or 
satisfactorily  accomplished  by  filtration.  While  larger  sizes  of  coag- 
ulating basins  mark  one  of  the -most  important  improvements  of  the 
past  decade  in  water  purification,  it  is  also  true  that  this  feature  can  be 
carried  too  far,  especially  in  the  case  of  •water  containing  organic 
matter  rather  than  clay.  There  are  a  few  filter  plants  where  this  laiter 
feature  has  been  carried  too  far,  and  the  efficiency  of  the  filters  mate- 
rially lessened. 

As  a  practical  i:)roposition,  the  deposition  of  suspended  matter  in  a 
coagulating  basin  need  not,  and  within  certain  limits  ought  not,  to  be 
carried  beyond  a  jjoiut  where  further  removal  in  the  basin  means  a 
greater  exjieuse  for  fixed  capital  charges  or  enlarged  basin  construc- 
tion than  the  additional  cost  of  attendance  and  wash  water  in  cleaning 
filters. 

Reference  is  made  in  this  pajjer  to  the  coagulating  basin  of  the 
filter  plant  of  the  East  Jersey  Water  Company  at  Little  Falls,  N.  J. 
If  this  basin  were  operated  to  remove  fine  silt  and  clay  by  means  of 
plain  subsidence  it  would  doubtless  be  found  to  be  of  but  little 
account;  but,  for  the  purposes  for  which  it  was  designed  and  is 
operated,  that  is,  to  facilitate  the  coagulation  of  a  non-clay-bearing 
water  and  to  remove,  by  sedimentation,  a  portion  of  the  coagulated 
masses,  it  has  been  found  to  work  very  well.  As  the  daily  yield  of  the 
plant  increases,  the  jjercentage  of  wash  water  will  doubtless  increase  a 
little,  but  there  is  no  reason  for  believing  that  the  cost  of  extra  wash 
water  or  of  attendance  would  approximate  the  fixed  charges  of  enlarg- 
ing the  basin  under  the  very  imusual  local  conditions.  Baflles,  how- 
ever, may  very  likely  be  worth  while  later  on. 

There  are  two  features  of  the  Little  Falls  plant  Avhich  are  worth 
mentioning  here.  Oae  is,  that  the  coagalated  masses  in  the  water 
reaching  the  filters  afford  a  steadying  action  upon  filtration,  which  is 
not  obtained  with  a  more  completely  settled  water;  and,  also,  in  conse- 
quence of  this  feature,  the  filters,  while  washed  more  frequently  than 
in  some  cases,  can  be  washed  more  easily  and  quickly  than  is  the  case 
with  nearly  all  other  filters.  Further,  it  is  not  necessary  to  waste  any 
filtered  water  upon  putting  these  filters  in  service  after  washing.     The 
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other  feature  is  the  assistance  in  massing  the  suspended  particles  to-  Mr.  Funer.-. 
gether  as  a  result  in  part  of  the  upward  movement  of  the  water.     In 
this  regard,  the  Little  Falls  basin  resembles  the  Rockner-Rothe  type 
of  basin,  such  as  is  discussed  by  Mr.  Hazen,  which  is  similar  to  the 
coagulating  basins  now  being  built  at  Burlington,  Iowa. 

Allen  Hazen,  M.  Am.   See.  C.   E.  (by  letter). — The  writer  is  very  jir.Hazetr. 
much  gratified  at  the  discussion.    A  number  of  important  points  have 
been  brought  out,  and  the  application  of  the  formulas  to  practical 
conditions  has  been  discussed  in  a  w^ay  which  ought  to  have  the  effect 
ofimiu'oviug  the  design  of  sedimentation  l)asins. 

Mr.  Fuller  speaks  of  two  uses  of  baffles.  The  writer  believes  that 
there  is  a  third  use,  possibly  even  more  important  than  the  two  men- 
tioned by  Mr.  Fuller,  namely,  that  of  keeping  the  entering  water  con- 
taining the  maximum  amount  of  sediment  from  mixing  with  the  water 
from  which  most  of  the  sediment  has  been  removed. 

The  case  of  the  Louisville  Reservoir,  as  cited  by  Mr.  Fuller,  will, 
illustrate  this  use.  Mr.  Fuller  states  that,  aside  from  coarse  material 
piled  up  near  the  inlet,  the  depth  of  sediment  was  substantially  uni- 
form over  the  entire  bottom,  notwithstanding  the  fact  that  the  water 
entered  at  one  corner  and  passed  out  diagonally  at  the  opposite  cor- 
ner of  the  basins,  Avhieh  were  nearly  square. 

The  writer  has  repeatedly  observed  the  same  state  of  affairs  in: 
other  reservoirs,  and,  in  his  judgment,  it  indicates  a  degree  of  mixing: 
in  those  reservoirs  such  that  the  water  in  all  parts  of  the  reservoir 
during  the  process  of  sedimentation  is  substantially  of  the  same  qual- 
ity. That  is  to  say,  the  conditions  are  those  assumed  in  Proposition. 
2.  It  is  unnecessary  to  repeat  here  the  advantage  of  baffling  and  of 
keeping  the  partially  cleared  water  separate  from  that  which  has  not 
been  cleared,  as  the  advantageous  results  of  this  procedure  are  shown 
equally  by  theory  and  practice. 

The  application  of  the  formulas  deduced  for  sedimentation 
to  the  clarification  of  water  by  filters  and  scriibbers  was  an  after- 
thought, but  the  development  is  interesting,  and  seems  to  agree 
reasonably  well  with  the  results  obtained  in  jiractice.  As  Mr.  Westort 
states,  this  application  indicates  that  multi])le  filtration,  leaving  oiit 
of  consideration  the  absorptive  powder  of  the  sand  itself,  would  not  le^ 
move  continuously  and  completely  the  last  particles  of  fine  clay  except 
at  prohibitively  low  rates  of  filtration. 

Confining  ourselves  strictly  to  the  sedimentation  theory,  and  leav- 
ing out  of  consideration  the  removal  of  particles  by  absorption  or  ad- 
hesion, the  case  may  be  briefiy  stated  thus: 

Water  containing  sediment  may  give  trouble,  when  applied  to  sand 
filters,  in  either  or  in  both  of  two  ways.  First,  excessive  amounts  of 
sediment  stop  the  pores  of  the  sand  too  rapidly  and  result  in  short 
periods   of  operation  between   cleaning,  and,  therefore,  in   frequent 
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Jlr.  Hazen.  cleanings,  and  in  expensive  and  iinsatisfactoiy  operation.  Second, 
some  particles  of  the  suspended  matter  may  be  so  fine  as  to  be  able  to 
pass  entirely  through  the  filter  and  produce  a  turbid  effluent. 

As  far  as  the  first  isoint  is  concerned,  there  is  no  question  as  to  the 
ability  of  sedimentation  to  reduce  greatly  the  clogging  power  of  a 
turbid  water,  and  to  increase  the  length  of  the  periods  between  clean- 
ings, and,  consequently,  to  reduce  the  cost  of  operation  of  filters;  and, 
further,  there  can  be  no  doubt  that  scrubbers  may  be  even  more 
effective  in  this  respect  than  sedimentation. 

Upon  the  second  point,  the  matter  stands  quite  differently.  From 
the  standpoint  of  sedimentation  alone,  a  turbid  filter  affluent 
is  produced  because  there  are  particles  in  the  raw  water  so  fine  that 
they  are  not  capable  of  being  removed  by  sedimentation  in  the  pores 
of  the  filtering  material.  A  preliminary  treatment  by  sedimentation 
or  by  scrubbers  removes  the  greater  part  of  the  sediment.  The  part 
removed  is  the  coarser  part,  and  the  part  remaining  is  the  finer  part. 
As  stated  by  Mr.  Pearsons,  the  range  between  the  finest  and  coarsest 
may  be  extremely  great.  Theoretically,  there  is  no  reason  why  a 
clearer  effluent  should  be  produced  with  all  the  coarser  part  removed, 
as  it  IS  only  the  finer  part  which  is  able  to  go  through.  A  preliminary 
process  might  remove  90  or  99%  of  the  weight  of  the  sediment,  but 
fail  to  remove  precisely  those  particles  which  are  caj^able  of  producing 
turbidity  in  the  final  effluent. 

The  production  of  a  clear  effluent,  judged  from  this  standpoint, 
would  seem  to  dej^end  upon  whether  or  not  the  raw  water  contained 
particles  of  the  degree  of  fineness  to  jjass  the  sand,  and  not  at  all  upon 
the  preliminary  processes.  Water  might  contain  a  thousand,  or  five 
thousand,  parts  per  million  of  sediment,  and,  if  no  part  of  this  was  of 
the  requisite  degree  of  fineness  to  pass  a  filter,  a  perfectly  clear  effluent 
Avould  be  produced.  On  the  other  hand,  if  the  raw  water  contained 
only  a  very  little  sediment,  if  that  sediment  was  fine  enough  to  pene- 
trate the  sand,  a  turbid  effluent  would  be  produced.  Of  course  the 
question  remains  as  to  how  far  the  adhesion  of  the  sediment  particles 
for  the  sand  grains  and  the  matters  upon  them  may  affect  this  result. 

There  are  some  experimental  data  in  accordance  with  this  view  of 
the  case.  It  was  found  at  Pittsburg,  for  instance,  that  with  experi- 
mental filters  it  made  but  little  difference  in  the  turbidity  of  the 
effluent,  whether  the  raw  water  was  apijlied  directly  to  the  filter  or 
whether  the  bulk  of  the  sediment  was  first  removed  by  sedimentation. 
It  did  make  an  imi^ortant  difference  in  the  length  of  the  periods 
between  cleanings. 

A  consideration  of  the  whole  subject  leads  to  the  conclusion  that 
where  it  is  necessary  to  remove  such  small  i)articles  other  agencies 
must  be  emi)loyed,  and,  fortunately,  means  are  at  hand  which  allow 
the  complete  removal  of  these  matters. 
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Part  I. 
HISTORY,    DESIGN   AND   CONSTRUCTION. 

By  Charles  L.  Harrison,  M.  Am.  Soc.  C.  E. 


The  City  of  Denver,  Colorado,  witli  a  population  of  about  150  000, 
is  supplied  with  water  by  The  Denver  Union  Water  Company,  a  cor- 
poration which  was  formed  in  1894  by  the  consolidation  of  the  Citizens 
Water  Company  and  the  American  Water-Works  Company,  both  of 
which  had  jJi'eviously  been  furnishing  water  to  the  city  and  to  private 

consumers. 

General  Conditions. 

Denver  is  situated  about  15  miles  from  the  eastern  foothills  of  the 
Rocky  Mountains,  in  what  is  known  as  the  semi-arid  region  of  the 
West.     The  elevation   of  low   water  in  the   South   Platte  River,  at 
*  Presented  at  the  meeting  of  May  4th,  1904. 
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Fifteenth   Street,  is  5  194  ft.  above  mean  sea  level,  and  the  higher 
portions  of  the  city  are  from  200  to  300  ft.  above  this. 

The  precipitation  is  much  loss  than  in  the  Middle  and  Eastern 
States,  averaging  for  the  past  32  years  only  13.87  ins.  Outside  of 
the  mountain  region,  this  is  jjrinciijally  in  the  form  of  rain,  but  dur- 
ing the  winter  there  is  considerable  snow,  which  remains  on  the 
ground  but  a  short  time.  Table  1  gives  the  monthly  and  yearly 
precijntation,  from  1872  to  1003.  The  minimum  was  8.48  ins.,  in 
1893,  and  the  maximum  21.43  ins.,  in  1891,  or  more  than  two  and 
one-half  times  the  minimum.  In  May,  1876,  the  precipitation  Avas 
8.57  ins.,  and  in  April,  1900,  it  was  8.24  ins.,  or  about  the  same  as  for 
the  entire  year  of  1893.  In  Ajiril,  1900,  it  was  greater  than  for  the 
other  eleven  months  of  that  year. 

TABLE   1. — Eecoed    of   Pbecipitation    at   Denvee,    Coloeaeo, 

IN  Inches. 


Year.  ' 

>> 

CS 

•-5 

0.55 
0.13 
0.84 
0.38 
0.21 
1.9C 
0.10 
0.40 
0.38 
0..50 
0.57 
2.35 
0.22 
0.41 
0.62 
0.67 
0.11 
0.50 
0.18 
1.60 
0.40 
0.05 
0.18 
0.32 
0.25 
0.58 
0.20 
0.65 
0.13 
0.05 
0.17 
0.12 

0.49 

a3 
3 

.5 
4) 

fc 

0.22 
0.24 
0.53 
0.60 
0.11 
0.40 
0.48 
0.39 
0.32 
1.22 
0.20 
0.45 
0.80 
0.75 
0.72 
0.30 
0.37 
0.70 
0.46 
0.27 
0.75 
0.83 
0.90 
0.48 
0.24 
0.82 
0.68 
0.58 
0.55 
0.06 
0.38 
0.42 

0.51 

u 

0.91 
0.22 
0.49 
0.39 
1.80 
1.40 
1.82 
1.00 
0.21 
0.87 
0.20 
0.21 
0.93 
0.97 
2.36 
0.23 
1.15 
0.40 
0.35 
3.10 
1.20 
0.23 
0.70 
1.19 
1.43 
0.90 
0.28 
1.10 
0.63 
0.88 
0.63 
0.87 

0.91 

P. 
< 

2.09 
2.43 
1.70 
2.24 
1.22 
2.77 
0.05 
2.62 
0.31 
0.50 
1.47 
3.10 
3.33 
4.94 
2.79 
2.16 
1.71 
1.34 
2.50 
2.49 
1.75 
0.87 
3.30 
1.19 
0.93 
1.31 
1.20 
0.75 
8.S4 
1.96 
0.60 
0.81 

8.02 

3.74 

0.75 
2.43 
1.94 
8.57 
2.30 
2.90 
3.36 
1.11 
2.21 
2.98 
4.30 
4.61 
2.13 
0.09 
1.13 
2.66 
3.44 
2.01 
4.15 
2.14 
3.09 
3.00 
2.86 
1.27 
3.15 
4.88 
0.15 
0.53 
1.18 
1.98 
0.75 

2.56 

a 

3 

2.07 
2.24 
1.21 
0.43 
1.10 
1.93 
2.78 
0.32 
1.22 
0.09 
4.96 
0.85 
1.47 
0.66 
2.26 
0.53 
0.29 
1.88 
Tr. 
2.93 
1.33 
0.13 
0.39 
2.65 
0.89 
2.16 
0.94 
0.47 
1.87 
2.09 
1.89 
1.62 

1.42 

a 

►-5 

2.69 
2.00 
3.35 
4.17 
1.16 
0.33 
1.33 
0.64 
1.38 
2.50 
0.66 
2.27 
0.65 
1.33 
0.50 
2.49 
0.41 
2.94 
0.79 
0.59 
1.19 
1.14 
2.11 
4.28 
2.80 
2.06 
0.67 
1.92 
1.30 
0.01 
1.24 
1.86 

1.64 

05 

P 

Ml 

3 
< 

1.75 
1.41 
0.68 
1.97 
2.03 
1..30 
2.25 
1.38 
1.46 
2.33 
1.20 
0.75 
1.71 
1.18 
1.62 
2.68 
1.51 
0.33 
1.89 
2.84 
0.58 
0.35 
1.86 
0.76 
0.97 
1.44 
0.96 
1.78 
0.05 
1..30 
0.76 
1.35 

1.39 

u 
<0 

a 

» 

03 

1.57 
0.89 
1.34 
2.89 
0.60 
0.38 
1.23 
0.02 
0.89 
0.57 

o.oe 

1.08 
0.13 
1.22 
0.98 
0.97 
0.11 
0.28 
0.17 
0.73 
Tr. 
0.05 
1.55 
0.98 
1.81 
0.44 
0.28 
0.20 
0.87 
0.22 
3.70 
0.56 

i 
1 

o 
O 

0.68 
0.73 
0.64 
0.22 
0  12 
2.15 
0.80 
0.19 
1.37 
0.32 
0.75 
1.49 
0.21 
0.73 
0.33 
0.97 
0.77 
2.11 
0.64 
0.48 
3.92 
0.84 
0.19 
1.13 
0.84 
1.64 
1.05 
1.01 
0.33 
0.46 
0.80 
1.34 

0.91 

i 

i 

0.69 
0.16 
0.08 
1.28 
1.50 
0.73 
0.67 
0.21 
0.83 
1.68 
0.71 
0..32 
0.19 
0.55 
1.93 
0.22 
0.33 
0.53 
0.30 
0.69 
0.44 
0.55 
0.22 
0.27 
0.10 
0.24 
0.85 

Tr. 
0.37 

Tr. 
0.61 
0.07 

0.54 

u 

<u 

s 

o 

0.29 
0.61 
0.17 
0..59 
1.70 
0.77 
1.05 
0..33 
0.10 
0.00 
0.73 
2.32 
0.76 
1.08 
0.87 
0.14 
0.09 
0.30 
0.(M 
1..56 
1.32 
0.35 
0.69 
0.01 
0.31 
0.63 
0.99 
0.72 
0.42 
0.89 
0.59 
0.23 

* 
e 

1872 

17.25 

1873 

11.81 

1874 

13.46 

1875 

17.10 

1876 

20.12 

1S77 

16.36 

1878 

15.46 

1879 

10.86 

1«80 

9.58 

1881 

12.79 

1882 

1883 

14.49 
19.49 

1884 

15.07 

1885 

15.95 

1886 

15.07 

1887 

12.49 

1888 

9.51 

1889 

14.75 

1890 

9.33 

1891 

21.43 

1892 

15.02 

1893 

8.48 

1894 

15.09 

1895 

16.12 

1896 

11.84 

1897 

1898 

15.37 
12.98 

1899 

9.33 

1900 

1901 

1902 

15.29 
9.10 
13.35 

1903 

9.50 

Aver,  for 32 years. 

0.84 

0.64 

13.87 
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The  South  Platte  River,  which  flows  through  Denver,  has  its 
source  in  the  Rocky  Mountains  and,  with  its  tributaries,  drains  an 
area  above  the  city  of  3  910  sq.  miles.  About  2  900  sq.  miles  of  this 
area  are  in  the  mountain  region  and  1  010  sq.  miles  in  the  jirairies 
l)3low  the  foothills.  Of  the  tributaries  in  the  latter  area.  Bear  Creek 
and  Cherry  Creek  are  the  only  ones  which  furnish  a  water  supply  of 
any  importance. 

In  the  mountain  region  tributary  to  the  South  Platte  River,  the 
preeipitatiou  is  largely  in  the  form  of  snow,  which  falls  and  accumu- 
lates fi'om  November  to  April,  and  melts  during  May,  June  and  July. 
The  greatest  floods  in  the  river  occur  during  these  three  months,  and 
the  magnitude  of  the  floods  is  in  proportion  to  the  amount  of  accum- 
ulated snow  in  the  mountains.  During  the  remainder  of  the  year 
there  are  showers  and  occasional  cloud  bursts  of  great  violence,  but 
they  usually  cover  small  areas  and  very  seldom  produce  a  flood  in  the 
river  of  any  considerable  extent  or  duration.  Generally,  the  high- 
water  period  is  less  than  two  months  in  duration  while  the  low-water 
period  covers  the  remainder  of  the  year. 

Sources  of  Supply. 

The  only  source  of  a  suflficient  supply  of  water  for  Denver  is  the 
South  Platte  River  and  its  tributaries.  The  ranchmen  also  draw  on 
these  streams  for  irrigation  water.  Under  existing  climatic  condi- 
tions, the  lands  will  produce  very  little  without  irrigation,  but  with  it 
they  become  marvelously  productive.  It  is  not  surprising,  therefore, 
that  the  ordinary  flow  of  the  streams  is  already  over-appropriated  by 
the  ranchmen  and  the  water  company,  so  that  any  increased  supply 
must  be  secured  by  storing  the  flood  waters. 

The  Company  secures  water  from  the  following  sources  (see  Fig.  1) : 

1. — Cherry  Creek,  at  Sullivan,  where  underground  cribs  are  built 
in  the  sand  and  gravel.  The  water  reaches  them  by  infiltration  and 
flows  by  gravity  through  a  3G-in.  pipe  to  the  Capitol  Hill  Reservoir, 
from  which  it  is  pumped  to  one  of  the  high-service  districts  of  the 
city. 

2. — In  Denver,  at  Mississippi  Street,  near  the  South  Platte  Elver, 
where  water  is  gathered  in  underground  cribs  and  flows  by  gravity  in 
a  48-in.  wooden  pipe  to  the  West  Side  Reservoir  and  is  then  pumped 
into  the  distributing  mains. 
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3. — At  Morrison,  the  water  is  taken  from  Bear  Creek  dtxring  the 
flood  and  non-irrigating  seasons  and  conveyed  through  the  Harriman 
ditch  and  a  flume  to  Marston  Lake  for  storage.  It  is  then  drawn  out 
as  needed  for  use,  filtered  through  a  mechanical  Alter,  and  flows  by 
gravity  through  wooden  pipes  to  the  city  distributing  system. 

4. — At  Platte  Cafion,  where  the  South  Platte  River  emerges  from 
the  mountains,  a  system  of  underground  cribs  is  constructed  to  col- 
lect the  underflow  of  water  in  the  gravel  and  sand  below  the  bed  of 
the  river  and  the  adjacent  valley.  The  water  thus  collected  flows  by 
gravity  through  a  30-in.  wooden  pipe  into  the  Ashland  Avenue  Distri- 
buting Reservoir  and  into  the  city  pipe  system. 

5. — About  2  miles  above  Platte  Canon,  water  is  taken  from  the 
river  into  a  34-in.  wooden  pipe  which  leads  to  a  mechanical  filter,  2 
miles  south  of  Platte  Caiion,  and,  after  being  filtered,  flows  by  gravity 
to  the  Capitol  Hill  Reservoir  and  the  city  pipe  system. 

6. — In  addition  to  the  foregoing,  there  is  now  being  constructed  at 
Platte  Canon  a  slow  sand-filter  plant  of  about  30  000  000  galls,  daily 
capacity,  with  provision  for  extending  the  filters,  as  the  needs  of  the 
city  retpiire,  to  100  000  000  galls,  per  day.  The  water  for  these  filters 
is  secured  from  the  Platte  River,  under  rights  owned  l)y  the  company, 
and  from  the  Lake  Cheesman  Reservoir.  The  supply  from  the  latter 
source  is  drawn  from  the  reservoir  and  turned  into  the  river  below  and 
flows  in  the  river  bed  to  Platte  Canon,  a  distance  of  about  30  miles, 
where  it  is  taken  from  the  river  into  the  settling  basins  and  then  ap- 
plied to  the  filter  beds.  After  being  filtered,  the  water  flows  by  gravity 
in  a  40-in.  wooden  pipe  to  the  city  distributing  system. 

To  convey  this  water  from  the  various  sources  of  supply  to  the 
city  requires  the  use  of  nearly  100  miles  of  pipe  line,  varying  from  30 
to  48  ins.  in  diameter.  These  conditions  indicate,  in  part  at  least,  the 
great  difficulties  and  expense  of  securing  in  this  region  a  water  supply 
for  a  large  city.  The  great  problem  is  not  the  best  way  to  distribute 
the  water  to  the  consumers,  but  how  to  oV)tain  it. 


Lake  Cheesman  Reservoir. 

The  first  five  sources  of  supply  enumerated  have  furnished  suffi- 
cient water  up  to  the  present  time,  but  the  management  of  the  com- 
l)any,  having  great  faith  in    the    future    rapid  growth    of  the   city, 
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realized  early  the  importance  of  securing  the  necessary  water  supply 
for  this  increased  population.  With  this  end  in  view,  Mr.  C.  P.  Allen, 
the  Chief  Engineer  of  the  Company,  inspected  the  South  Platte  Eiver 
and  its  tributaries,  and,  finally,  decided  upon  the  location  now  known 
as  Lake  Cheesman  as  the  one  furnishing  the  best  site  for  a  dam  and 
large  reservoir  with  a  water  supply  to  fill  it.  The  location  of  this  site 
is  in  the  South  Platte  Forest  Reserve,  in  Jefferson  and  Douglas  Coun- 
ties, Colorado,  and  about  48  miles  southwest  from  Denver  (Fig.  1). 
A  subsidiary  company.  The  South  Platte  Canal  and  Eeservoir  Com- 
pany, was  formed  for  building  the  reservoir,  and,  for  this  purpose, 
secured  the  right  of  way  from  the  Government.  The  first  map  was 
filed  on  October  8th,  1894,  and  approved  by  the  Secretary  of  the  In- 
tenor  on  August  19th,  1895.  The  Company  owns  about  8  500  acres 
of  land,  including  and  surrounding  the  reservoir,  which  ownership 
insures  the  protection  of  this  water  sujsply  for  all  time. 

The  catchment  basin,  which  has  an  area  of  about  1  796  sq.  miles, 
is  in  the  Kocky  Mountains,  on  the  South  Fork  of  the  South  Platte 
River,  and  is  more  than  7  000  ft.  above  sea  level.  Its  location  is 
shown  in  Fig.  1,  a  water-shed  map  compiled  from  the  maps  of  the 
United  States  Geological  Survey.  In  order  to  make  the  outlines  of 
the  various  water-sheds  more  easily  followed  by  the  eye,  the  map  is 
drawn  with  the  sources  of  the  streams  at  the  top,  which  brings  the 
north  at  the  bottom  instead  of  at  the  top  of  the  map,  as  is  the  usual 
custom.  The  surface  of  the  ground  is  largely  of  rock  and  sand  with 
very  little  vegetation;  and  the  location  in  a  forest  reserve,  where  set- 
tlements which  might  pollute  the  waters  are  excluded,  makes  the 
basin  an  ideal  water- shed  for  gathering  j^otable  water.  The  first  hab- 
itation on  the  river  above  the  reservoir  is  at  Lake  George,  a  distance 
of  25  miles,  and  the  population  within  the  entire  area  is  less  than  1.5 
persons  per  square  mile.  All  the  streams  tributary  to  the  reservoir 
are  precipitous  and  have  rocky  beds. 

The  entire  area  which  will  be  flooded  by  the  reservoir  is  of  granite 
or  granitic  sand,  there  being  no  black  soil  or  humus  upon  it.  An 
inspection  of  the  contour  map  (Fig.  2)  shows  that  the  sides  of  the  res- 
ervoir are  very  steep,  thus  preventing  shallow  shore  water  in  which 
vegetation  might  grow.  The  reservoir  also  has  great  depth  and  a 
comparatively  small  surface  area  exposed  to  evaporation,  a  consider- 
able advantage  in  that  climate.     The  source  of  supply  is  the  melting 


LAKE    CHEESMAN    DAM    AND    RESERVOIR. 


95 


96 


LAKE    CHEESMAK"    DAM    AND    RESERVOIR. 


suow  in  the  mountains  above.  Such  conditions  are  unusually  good 
for  storing  and  keeping  pure  potable  waters.  The  capacity  of  the 
reservoir  at  Elevation  212,  which  is  the  crest  of  the  spillway,  is  about 
3  500  000  000  cu.  ft.,  and  the  surface  area  is  about  874  acres.  See 
Fig.  3. 

The  EocK-FiLL  Dam. 

After  the  company  secured  from  the  Government  the  right  to 
build  the  dam,  it  was  necessary  to  obtain  the  ownership  of  certain 
claims,  taken  up  by  private  parties  under  the  pretense  of  mining, 
before  the  construction  of  the  dam  was  begun.     This  consumed  about 
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two  years.  In  the  meantime,  studies  were  made  by  the  chief  engi- 
neer of  the  various  types  of  dam  suitable  for  the  location  selected, 
which  was  at  the  narrow  cariou  just  below  the  junction  of  the  Platte 
River  and  Goose  Creek  (sometimes  called  Lost  Park  Creek).  See  Fig. 
2  and  also  Fig.  1,  Plate  IV.  A  section  of  the  dam  selected  is 
shown  in  Fig.  4.  It  was  of  the  rock-fill  type,  with  a  slope  of  IJ  to  1 
on  the  down-stream  side  and  |  to  1  on  the  up-stream  side,  which  lat- 
ter was  to  be  protected  by  stone  laid  by  hand  and  selected  from  the 
rock-till  dump.  This  was  to  be  covered  with  12  ins.  of  concrete  to 
give  an  even  bearing  for  the  steel-plate  face,    used  for  making  the 
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structure  water-tight.  The  steel  face  was  to  be  attached  to  6-iii. 
I-beatQS,  which  were  to  be  anchored  into  the  rock  fill  with  |-in.  rods 
5  ft.  long.  A  footing  of  Portland  cement  masonry  was  to  be  built, 
into  which  the  steel  plates  were  to  be  anchored.  The  top  of  the  dam 
was  to  be  straight  in  plan,  and  the  steel  face  was  to  be  in  one  plane. 

The  datum  used  for  the  surveys  was  low  water  in  the  river  at  the 
site  of  the  dam  before  any  work  was  done,  and  it  is  6  644  ft.  above 
sea  level.     This  datum  has  been  used  throughout  the  entire  work. 

It  was  proposed  to  draw  the  water  from  the  reservoir  through  three 
tunnels,  the  intakes  of  which  were  at  Elevations  10,  60  and  110,  as 
shown  on  the  plan  and  section,  Fig.  1,  Plate  IV.  The  lower  tunnel 
was  driven  and  a  42-in.  twin  valve  to  regulate  the  outflow  and  a  guard 
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Fig.  4 

balance  valve  at  the  entrance  of  the  tunnel  were  placed  in  position. 
The  flow  of  the  river  was  then  diverted  through  the  tunnel  by  build- 
ing a  temporary  dam  across  the  river  just  above  the  site  of  the  pro- 
posed permanent  dam.  Work  on  the  rock-fill  dam  was  then  com- 
menced. A  bridge  was  built  across  the  cauon  at  Elevation  100  (shown 
in  Fig.  2,  Plate  II),  for  use  in  dumping  the  loose  rock  into  the  dam. 

The  construction  of  the  tunnels  and  the  dam  was  prosecuted 
during  1898,  1899,  and  until  May,  1900,  at  which  time  the  masonry 
and  steel  facing  were  at  Elevation  28  and  the  rock  fill  behind  it  at 
Elevation  54.  In  the  latter  part  of  April,  rain,  added  to  the  melting 
snows,  caused  a  flood  in  the  river  of  greater  volume  than  the  dis- 
charge capacity  of  the  tunnel.     The  reservoir  was  filled  rapidly  and 
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on  May  3d  the  flood  overtopped  the  rock  till  and  washed  it  away 
completely,  leaving  only  the  masonr}'  and  steel  facing.  A  view  of 
the  caiion  taken  a  few  days  after  this  accident  is  shown  in  Fig.  2, 
Plate  II. 

The  Masonry  Dam. 

On  June  1st,  1900,  the  writer  was  appointed  Chief  Engineer  of  the 
South  Platte  Canal  and  Reservoir  Company  and  the  Denver  Union 
Water  Company,  with  instructions  to  design  and  build  a  dam  at  this 
location,  with  the  advice  and  assistance  of  L.  E.  Cooley,  M.  Am.  Soc. 
C.  E.,  who  had  been  consulting  engineer  to  the  company  during  the 
previous  year. 

The  important  conditions  which  existed  at  that  time  were: 

1. — The  tunnels  at  Elevations  10,  60  and  110  had  been  driven.  The 
balance  valve  at  the  entrance  of  the  lower  tunnel,  and  the  twin  valve 
in  the  middle  of  it,  had  been  permanently  set.  The  two  42-in.  single 
valves  for  the  upper  tunnels  had  been  jaurchased. 

2. — The  Portland  cement  masonry,  together  with  the  steel  plates, 
had  been  built,  up  to  Elevation  28,  and  remained  in  perfect  condition 
after  the  flood. 

3. — The  Government  had  given  five  years  in  which  to  build  the 
dam,  and  it  was  the  desire  of  the  management  of  the  company  to 
utilize  as  much  as  possible  of  the  work  which  had  already  been  done 
and  to  be  as  far  advanced  as  possible  with  the  new  work  at  the  ex- 
piration of  the  time  limit,  so  as  to  be  in  a  favoi'able  position  to  ask 
for  an  extension  of  time  in  which  to  complete  the  work.  In  no  case 
was  the  lake  to  be  entirely  unwatered. 

The  type  of  dam  finally  determined  upon  was,  in  plan  and  section, 
substantially  that  shown  in  Fig.  1,  Plate  IV  and  Fig.  5,  and  was 
to  be  built  to  Elevation  210,  with  the  spillway  at  Elevation  200.  It 
was  designed  as  a  gravity  section,  but  the  configuration  of  the  gorge 
was  such  that  the  natural  form  of  dam  to  fit  the  site  would  be  curved 
in  plan.  As  the  full  cross-section  of  a  gravity  dam  could  be  retained 
jtnd  the  arch  form  used,  with  no  additional  masonry,  it  was  decided 
io  curve  the  up-stream  face  to  a  radius  of  400  ft.  It  is  built  of  gran- 
ite masonry  laid  in  Portland  cement  mortar.  The  contract  for  its  con- 
struction was  let  in  August,  1900,  and  the  work  was  begun  in  Sep- 
tember.    After  the  dam  had  been  built  to  an  elevation  of  about  70, 
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the  advisability  of  carrying  it  to  a  greater  Leight  than  Elevation  210 
was  considered,  witli  the  view  of  increasing  the  storage  capacity  of 
the  reservoir  as  mneh  as  possible,  consistent  with  safety.  Taking 
into  consideration  the  contour  of  the  canon  below  Elevation  90,  the 
arch  form  of  dam,  and  the  excellent  stone  available  for  its  construc- 
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tion,  it  was  thought  that  this  could  be  done,  and  the  problem  worked 
out  by  the  time  Elevation  lOD  was  reached  with  the  construction. 
This  elevation  was  therefore  fixed  as  the  point  where  the  change  of 
section  should  begin.  Fig.  2,  Plate  V,  is  a  view  of  the  canon  with 
the  bottom  of  the  trestle  on    the  dam  at  about  Elevation  100,  and 
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the  contours  in  Fig.  1,  Plate  FV,  give  a  fair  outline  of  the  dam  at 
that  elevation.  A  profile  across  the  canon  is  shown  in  Fig.  7.  The 
question  of  determining  the  elevation  to  which  the  dam  could  be 
built  with  safety  and  the  section  to  be  adopted  presented  imijortant 
and  difficult  problems.  For  the  solution  of  them,  and  for  the  con- 
sideration of  the  sufficiency  of  the  devices  for  regulating  the  outflow 
from  the  reservoir,  an  additional  consulting  engineer,  Alfred  Noble, 
Past-President,  Am.  Soc.  C.  E.,  was  appointed. 

After  trying  several  sections,  that  shown  in  Fig.  5,  with  the  spill- 
way fixed  at  Elevation  212,  was  finally  adopted.  It  was  designed  as  a 
gravity  section,  but  the  arch  form  gives  it  additional  strength.  Silas 
H.  Woodard,  Assoc.  M.  Am.  Soc.  C.  E.,  under  the  direction  of  the  con- 
sulting engineers,  made  an  analysis  of  the  stresses  in  the  dam  which 
is  of  special  interest  on  account  of  taking  the  arch  form  into  consider- 
ation. His  discussion  of  this  subject  is  presented  by  him  as  a  part  of 
this  i3ai)er. 

In  computing  the  weight  of  the  dam,  the  specific  gravity  of  the 
masonry  is  taken  as  2.5,  or  156.25  lbs.  per  cubic  foot,  but  actual  deter- 
minations of  the  specific  gravity  of  the  mortar  and  the  stone  (both 
being  dry)  in  the  jjroportions  used  in  the  dam,  give  a  weight  of  158 
lbs.  per  cubic  foot  of  masonry.  The  jaart  of  the  dam  built  previous 
to  1902  was  composed  of  74%"  of  stone  and  26°(^  of  mortar. 

In  computing  the  stresses  in  the  dam,  no  account  is  taken  of  the 
ice  thrust,  for  two  reasons:  (1)  Because  it  is  not  probable  that  the 
reservoir  will  ever  be  full  during  the  winter  season,  and  the  heavier 
section  of  the  dam  at  the  water  level  is  more  than  ample  to  resist  this 
thrust;  and  (2)  because  the  point  of  rock  projecting  into  the  reservoir 
in  front  of  the  dam  will  i^rotect  it  in  such  a  way  as  to  make  this 
thrust  small.  This  point  of  rock  is  shown  in  Fig.  2  by  the  contours, 
and  in  Fig.  2,  Plate  V,  in  the  background  over  the  toi?  of  the  dam. 
The  high-water  line  is  about  10  ft.  vertically  below  the  timber-line 
shown  in  Fig.  2,  Plate  V. 

Foundation. — The  foundation  of  the  dam  is  the  solid  granite  rock 
at  the  bottom  of  the  carton  across  which  it  is  built.  The  widths  of 
this  canon  are  as  follows:  At  the  bottom,  about  30  ft.;  at  Elevation 
30,  about  40  ft. ;  at  Elevation  90,  about  130  ft. ,  on  the  down-stream  face ; 
and  at  Elevation  217,  about  710  ft.  (see  Fig.  2,  Plate  V).  The  elevation 
of  the  bed-rock  along  the  axis  of  the  stream  is  about  —  10  ft.,  but  one 
pot-hole  extended  down  to  Elevation  —  15  ft.     In  fact,  the  entire  bot- 


PLATE   V. 
TRANS.  AM.  SOC.  CIV.    ENGRS. 

VOL.   Llll,   No.   981. 

HARRISON  AND  WOODARD  ON 

LAKE  CHEESMAN  DAM  AND  RESERVOIR. 


FlO.    l.-Tlil-    uh     llA.M    Al     Kl.K\A'UciN    V'A . 


\U-.^^ 


Fig.  2.— Down-Stream  Face  of  Dam.    Top  op  Masonry  at  Elevation  131. 


LAKE    CHEESMAN"    DAM    AND    RESERVOIR.  101 

torn  was  a  series  of  pot-lioles  eroded  in  tlie  solid  granite  and  varying  in 
dejitli  from  1  ft.  to  6  ft.  Similar  jjot-lioles  also  existed  in  the  walls 
of  tlie  canon,  from  the  foundation  up  as  high  as  Elevation  50;  some  of 
these,  on  the  south  side  of  the  caiion,  can  be  seen  in  Fig.  1,  Plate  III. 
Overlying  the  bed-rock  Avere  boulders  and  coarse  gravel  to  a  depth 
of  about  8  ft.  These  were  removed  and  the  rock  was  washed  clean 
before  the  masonry  was  laid.  No  unsound  rock  or  crevices  were 
found  below  Elevation  30,  but,  above  this  elevation,  some  broken  and 
unsound  rock  was  found,  and  all  of  it  was  removed  before  laying  the 
masonry,  thus  giving  a  foundation  on  solid  granite  for  the  entire 
base  of  the  dam.  Generally,  the  excavation  for  the  foundation  con- 
sisted of  removing  large  boulders  and  a  few  feet  of  disintegrated 
rock,  but  at  the  south  end  of  the  dam  and  above  Elevation  130  there 
Avas  encountered  a  large  pocket  of  rock  so  badly  broken  up  that  it 
was  not  suitable  for  a  good  foundation.  Smaller  jjoekets  of  unsound 
rock  were  encountered  on  both  the  south  and  north  sides  of  the  ca5on. 
The  contour  of  the  foundation  of  the  dam  as  actually  built  upon  is 
shown,  from  Elevation  0  to  Elevation  130,  by  the  dotted  lines  in  Fig. 
1,  Plate  IV,  and  below  Elevation  —  5  in  Fig.  2,  Plate  IV. 

Heighi  of  Dam  and  Depth  of  Water. — As  shown  in  Fig.  2,  Plate  V, 
the  lowest  jjart  of  the  foundation  along  the  bed  of  the  river  from  the 
heel  to  the  toe  of  the  dam  will  average  about  Elevation  —  10  ft.  The 
height  of  the  dam  from  this  plane  to  the  roadway  on  top,  at  Elevation 
-f  217  ft.,  is  227  ft.  But  the  extreme  low  point  of  the  foundation  is  at 
Elevation  —  15  ft.  and  the  top  of  the  parapet  wall  is  +221  ft.,  giving 
a  maximum  height  of  236  ft.  The  thickness  of  the  base  at  Elevation 
—  10  is  176  ft.,  and  at  Elevation  190  it  is  18  ft.,  which  thickness  is 
carried  uniformly  to  the  top  of  the  structure.  Since  the  material  over- 
lying the  bed-rock  on  the  up-stream  side  of  the  dam  is  open  gravel  and 
boulders,  the  water  jjressure  against  the  dam  may  fairly  be  assumed  to 
begin  at  Elevation  —  10,  and  if  2  ft.  of  water  is  flowing  over  the  sijill- 
way  its  surface  will  be  at  Elevation  +  214,  making  the  pressure  against 
the  dam  that  due  to  a  depth  of  224  ft.  This  exceeds  very  greatly  the 
dejith  of  water  against  any  other  dam  yet  built.  There  is  practically 
no  back  pressure  from  water  on  the  down-stream  face  of  the  dam. 

Materials  Used  and  IVIethods  of  Constkuction. 
The  cement  iised  was  Portland,  and  Avas  furnished  by  the  comjiany, 
free  of  cost  to  the  contractor,  in  a  warehouse  about  4  000  ft.  north  and 
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west  of  the  dam.  As  the  needs  of  the  work  demanded,  it  was  issued 
to  the  contractor,  who  transported  it  to  the  work  on  scows  or  wagons, 
and  was  responsible  for  its  protection  and  safekeeping. 

It  was  purchased  under  the  following  specifications : 

GheTnical. — It  shall  contain  neither  free  lime  nor  free  magnesia, 
and  not  more  than  2%  of  snljihate  of  lime,  and  the  magnesia  and 
oxide  of  iron  shall  not  be  excessive.  It  shall  not  be  over-burned  or 
nnder-burned. 

Fineness. — Not  more  than  1%  shall  be  retained  on  a  No.  100  sieve, 
and  not  more  than  25%  on  a  No.  200  sieve. 

Setting. — It  shall  not  take  its  initial  set  in  less  than  45  minutes  nor 
more  than  3  hours,  nor  set  hard  in  less  than  3  hours  nor  more  than  8 
hours. 

Soundness. — It  shall  show  soundness  by  both  the  cold-water  test 
and  the  hot-water  test. 

Strength. — The  neat  cement  shall  develop  a  tensile  strength  of  150 
lbs.  per  square  inch  in  one  day,  and  600  lbs.  in  7  days,  and  show  an 
increase  of  15%"  in  the  nest  21  days.  When  mixed  with  sand,  as 
required  for  mortar,  it  shall  develop  a  reasonable  proportion  of  the 
strength  of  neat  cement.  Both  neat  cement  and  mortar  shall  show  a 
reasonable  inci-ease  in  strength  with  age  beyond  28  days. 

The  cement  was  tested  in  Denver  and  then  shipped  by  railroad  to 
Buffalo,  a  distance  of  40  miles.  From  there  it  was  hauled  by  teams 
over  a  mountain  road  to  the  dam,  a  distance  of  about  23  miles.  In 
addition  to  the  tests  made  at  Denver,  frequent  tests  for  tensile 
strength  of  mortar,  taken  from  the  mortar  boxes  on  the  work,  have 
been  made,  since  1902,  by  the  resident  engineer.  Altogether,  about 
80  000  bbls.  of  cement  will  be  required.  Of  this  amount,  6  000  bbls. , 
used  in  1900,  were  of  the  Wolverine  Brand.  All  the  cement  used 
since  then  has  been  the  lola  Portland  cement,  made  at  lola,  Kansas. 

The  sand  is  furnished  by  the  contractor  and  is  secured  from  a 
gulch  about  5  000  ft.  north  and  west  of  the  dam.  It  is  run  through  a 
§-in.  screen  and  washed,  after  which  it  is  taken  to  the  dam  on  scows 
or  wagons.  As  actually  used  in  the  work,  it  contains,  as  determined 
.  by  several  analyses,  less  than  one-tenth  of  1%  of  volatile  and  organic 
matter,  and  has  about  21%  voids. 

The  mortar  for  laying  the  stone  on  the  up-stream  face  and  at  the 
bottom  and  ends  of  the  dam,  adjoining  the  solid  rock,  is  mixed  in 
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Fig.  1  — Entrance  to  I^owest  Tunnel. 


Fig.  2.— Twin  Valves  is  Tunnel. 


LAKE    CHEESMAN    DAM   AND    KESERVOIR.  103 

proportions  of  2  parts  of  sand  to  1  part  of  cement  by  volume,  and  95 
lbs.  of  cement  are  taken  as  1  en.  ft. ;  the  mortar  for  the  rest  of  the 
masonry  is  mixed  in  tlie  proportion  of  2i  to  1.  The  sand  and  cement 
are  mixed  dry,  the  i)roi3er  quantity  of  water  is  added,  and  then  the 
mixing  is  continued.  A  batch  mixer,  manufactured  by  the  Iroquois 
Iron  Works,  of  Buffalo,  N.  Y. ,  is  used  for  this  purpose,  and  gives 
excellent  results.  It  is  located  near  the  end  of  the  dam,  and  the 
mortar,  after  being  mixed,  is  dumped  into  cars  which  are  moved 
along  a  track  built  on  brackets  on  the  up-stream  face  of  the  dam,  as 
shown  in  Fig.  3,  Plate  III.  From  this  track  the  mortar  is  hoisted 
to  the  work  on  the  dam  by  the  several  derricks  used  for  setting  stone, 
thus  avoiding  any  interference  with  the  other  derricks,  and  ensuring 
the  delivery  of  the  mortar  at  the  jooint  where  it  is  to  be  used. 

The  stone  used  is  a  good  gray  granite.  The  stone  for  the  n-p- 
stream  face  is  obtained  from  Quarry  No.  2  (Fig.  2)  distant  aboiit  2  000 
ft.  north  and  west  from  the  dam.  The  stones  are  rough-pointed,  so 
as  to  be  laid  with  horizontal  beds  and  vertical  joints,  and  the  outside 
edges  are  made  to  conform  to  the  curvature  of  the  dam.  No  attempt 
is  made  to  dress  the  exposed  faces  of  the  stones.  The  specifications 
required  them  to  be  laid  with  |-in.  joints,  but  this  requirement  was 
modified,  with  the  approval  of  the  consulting  engineers,  so  as  to  per- 
mit 1-in.  joints,  in  the  belief  that  the  thicker  bed  of  mortar  would  be 
more  nearly  water-tight.  The  specifications  also  allowed  these  stones 
to  be  laid  in  broken  courses,  but  the  contractors  preferred  to  have 
them  of  a  uniform  thickness,  and  all  the  face  stones  are  uniformly 
2  ft.  thick.  All  joints  are  raked  out  to  a  depth  of  Ih  ins.  and  pointed 
with  2  to  1  moi'tar.  The  specifications  required  that  one-fourth  of 
the  face  area  should  be  headers,  from  4  to  6  ft.  long,  not  less  than  2 
ft.  wide,  and  evenly  distributed  throiigh  the  wall.  The  stretchers 
were  to  be  not  less  than  3  ft.  and  not  more  than  7  ft.  long,  with  a 
width  not  less  than  one  and  one-half  times  the  thickness.  The  stones 
for  the  down-stream  face  are  not  dressed,  but  are  large  and  well 
shaped,  and  of  a  thickness  approximating  2  ft.  They  are  selected  and 
laid  in  steps,  so  as  to  give  a  good  apjiearance  for  rough  work.  The 
rubble  for  the  interior  of  the  dam  is  of  good-sized  stones,  well  shaped, 
and  laid  so  as  to  break  joints  and  bond  in  all  directions.  In  laying 
the  stones  a  full  bed  of  soft  mortar  is  required,  and,  in  filling  in 
between  the  large  stones,  it  is  required  that  the  space  shall  first  be 
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filled  witli  mortar  and  the  smaller  stones  tlien  worked  down  into  it. 
This  is  considered  a  very  imijortant  feature  in  building  water-tight 
masonry,  and,  so  far,  it  has  proved  ejBfective  in  this  case.  During  the 
13a8t  summer  the  water  stood  in  the  reservoir  at  about  Elevation  97, 
and  there  was  no  evidence  of  a  leak  or  even  sweating  on  the  lower 
face  of  the  dam.  The  stone  for  the  down-stream  face  and  the  interior 
of  the  dam  is  secured  fi-om  Quarry  No.  1  (Fig.  1,  Plate  IV),  situated 
just  below  the  dam.  It  is  transjiorted  from  the  quarry  to  the  toe  of 
the  dam  on  small  cai's,  from  which  it  is  hoisted  to  cars  running  on  a 
trestle  built  along  the  face  of  the  dam.  See  Fig.  2,  Plate  V. 
The  building  derricks  take  the  stone  from  these  cars  as  needed  for 
use  in  the  work.  This  arrangement  for  distributing  the  stone  avoids 
any  interference  of  one  derrick  with  another. 

The  stones  for  the  interior  of  the  dam  are  set  so  as  to  bond  verti- 
cally as  well  as  horizontally,  and  special  care  is  taken  not  to  level  up 
the  work  at  any  jioint  throughout  the  thickness  of  the  wall.  This,  in 
addition  to  giving  the  ^jroper  bond,  makes  it  very  difficult  for  water 
to  enter  into  or  seep  through  the  dam.  The  j^hotograph,  Fig.  1, 
Plate  V,  taken  when  the  top  of  the  masonry  was  at  Elevation  131, 
is  a  fair  illustration  of  how  the  stones  were  disposed,  and  also  shows 
the  shape  of  the  stones  used  in  the  work.  In  the  quarry,  large  masses 
of  stone  are  loosened  with  powder  and  are  then  reduced  by  i^lug-and- 
feather  to  the  proj^er  size  for  building  into  the  dam. 

Devices  foe  Eegulating  the  OuxFiiOW. 

As  a  i^art  of  the  jjlan  for  building  the  rock-fill  dam,  already 
mentioned,  it  was  proposed  to  draw  the  water  from  the  reservoir  by 
tunnels  driven  through  the  granite  mountain,  as  shown  by  the 
solid  lines  in  the  x>ian  and  the  "Section  on  Tunnel  Line,"  Fig.  1, 
Plate  IV. 

Before  the  writer's  connection  with  the  work,  these  tunnels  had 
been  driven,  and  a  balance  valve,  protected  by  a  grating,  had  been  set 
permanently  at  the  intake  of  the  lower  tunnel,  as  shown  in  Fig.  1, 
Plate  VI.  In  addition  to  this,  a  42-in.  twin  valve  had  been  set  at 
about  the  middle  of  this  tunnel,  a  view  of  which  is  shown  in  Fig.  2, 
Plate  VI.  The  balance  valve  was  designed  to  be  oi)erated  by  a 
hydraulic  cylinder,  the  water  supply  for  which  was  to  be  carried   in 
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pil^es  along  the  bottom  of  the  tunnel  from  its  portal  to  the  valve,  and 
a  waste  pipe  was  i)rovided  in  the  same  manner.  The  twin  valves 
were  to  be  operated  by  hydraulic  cylinders  supplied  with  water  in  a 
similar  manner.  The  valves  in  the  60-ft.  and  110-ft.  tunnels  had  been 
provided,  but  were  not  set. 

The  fact  that  no  provision  had  been  made  to  give  access  to  the 
working  parts  of  these  valves  when  water  was  being  drawn  out  through 
the  tunnels  seemed  to  be  a  serious  objection,  and  was  met  by  driving 
a  separate  "  Manway  tunnel,"  as  shown  by  the  dotted  lines  in  Fig.  1^ 
Plate  IV,  thus  at  all  times  giving  free  access  to  the  working  parts 
of  the  valves  and  also  providing  a  safe  means  of  piping  the  water  for 
operating  them.  It  was  also  thought  advisable  to  jirovide  means  for 
creating  a  back  pressure  on  the  valves  in  the  60-ft.  and  110-ft.  tunnels^ 
so  as  to  make  them  easily  operated  when  the  reservoir  was  full.  For 
this  purpose,  a  "Tainter  Gate,"  to  be  operated  by  hand,  was  designed 
and  placed  just  below  the  junction  of  the  two  tunnels,  as  shown  in  Fig. 
1,  Plate  IV,  and  Fig.  6.  It  is  probable  that  this  gate  may  prove  to 
be  the  best  one  to  operate,  under  ordinary  conditions,  for  drawing 
water  out  of  the  reservoir. 

SpHiiiWAY. 

After  the  reservoir  is  filled,  the  flood  water  will  discharge  from  it 
into  the  river  below  the  dam,  over  a  spillway  about  300  ft.  long,  at 
Elevation  212.  The  south  end  of  the  spillway  is  about  200  ft.  north 
of  the  north  end  of  the  dam,  as  shown  in  Fig.  1,  Plate  IV,  and 
Fig.  3,  Plate  III,  and  is  in  a  natural  saddle  in  the  rock  ridge.  The 
surface  of  the  rock  varies  from  about  Elevation  195  at  the  south  end 
to  Elevation  225  at  the  north  end.  Where  the  rock  is  above  Elevation 
212,  it  is  to  be  excavated  to  that  level  and  the  lower  jaortion  is  to  be 
built  uj)  with  rubble  masonry,  similar  to  that  in  the  main  dam,  to 
Elevation  212  and  a  top  width  of  11  ft. 

The  maximum  flood  recorded  in  the  river  occurred  in  June,  1900, 
and  was  1  945  cu.  ft.  per  second.  Several  times  this  volume  of  Avater 
■would  discharge  over  the  spillway  before  the  level  of  the  lake  would 
reach  the  top  of  the  dam.  In  addition  to  this  the  storage  cai:)acity  of 
the  reservoir  will  act  as  an  equalizer,  and  more  than  1  000  cu.  ft.  per 
second  can  be  drawn  off  through  the  tunnels. 
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Fk;.  1. — View  of  Top  ov  Dam  Looking  North.    Elevation  SK). 


Fig.  2.— View  of  Top  of  Dam  Looking  Xoutii.     Klevation  '217. 
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Quantities. 

The  principal  quantities  of  work  involved  in  the  construction  of 
the  I'eservoir,  dam  and  appurtenances  are  as  follows: 

1. — Excavating  28  000  cu.  yds.  of  earth  and  rock  for  foundations. 

2. — Driving  about  1  300  ft.  of  water  and  man  way  tunnels,  and  setting 
five  valves  in  these  tunnels,  and  gratings  at  the  intakes. 

3. — Building  103  000  cu.  yds.  of  masonry. 

4. — Clearing  about  1  000  acres  of  timber  and  briisli  from  the  site  of 
the  reservoir. 

The  striking  features  of  the  location  for  this  reservoir  and  dam  are: 

1. — A  I'ocky,  mountainous  water-shed,  producing  but  little  vegeta- 
tion and  containing  a  small  population,  which  makes  it  i^ractically  free 
from  pollution. 

2. — A  reservoir  site,  composed  of  granite  rock  or  granitic  sand,  of 
sucli  contour  as  to  give  great  depth  and  ca^jacity  with  a  small  surface 
area. 

3. — A  site  for  the  dam  which  affords  good,  solid  foundations  and  a 
narrow  caiion  for  the  lower  part  of  the  structure,  thus  making  the 
quantity  of  masonry  required  comparatively  small.  To  this  is  added 
a  good  rock  foundation  for  a  spillway  at  a  convenient  location. 

The  writer's  connection  with  this  work  ended  on  May  24th,  1902,  at 
which  time  the  masonry  of  the  dam  was  completed  to  about  Elevation 
134,  and  the  contracts  then  let  provided  for  building  it  to  Elevation 
210.  The  reservoir  site  had  been  cleared,  and  the  tunnels  were  nearly 
completed.  No  contracts  had  been  let  for  that  part  of  the  masonry 
in  the  dam  above  Elevation  210,  nor  for  the  excavation  and  masonry 
between  the  north  end  of  the  dam  and  the  north  end  of  the  spillway. 
The  general  plan  of  this  part  of  the  work  was  as  shown  in  Fig.  1,  Plate 
IV,  but  the  detaOs,  as  actually  built,  have  been  designed  by  Alexander 
E.  Kastl,  M.  Am.  Soc.  C.  E.,  who  has  been  Chief  Engineer  of  the 
company  since  May  24th,  1902. 

On  January  1st,  1904,  the  main  dam  was  completed  for  nearly  its 
entire  length  to  Elevation  217,  and  it  is  expected  that  the  entire  work 
will  be  completed  before  July  1st,  1904.  The  masonry  and  excavation 
have  been  done  under  contract  by  The  Geddis  and  Seerie  Stone 
Comiiany,  and  all  other  work  has  been  done  by  the  company  by  day'.s 
labor. 
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In  addition  to  the  Chief  and  Consulting  Engineers  already  men- 
tioned, the  following  have  been  immediately  connected  with  the  work: 

James  E.  Maloney,  Eesident  Engineer  to  April  Ist,  1902;  Frank  C. 
Horn,  M.  Am.  Soc,  C.  E.,  Eesident  Engineer  since  April  1st,  1902; 
John  A.  Eunner,  Assistant  Engineer;  M.  A.  McGrawandC.  C,  Murphy, 
Inspectors. 

Part  II. 

ANALYSIS  OF  STEESSES  IN  LAKE  CHEESMAN  DAM. 

By  Silas  H.  Woodaed,  Assoc.  M.  Am.  Soc.  C.  E. 

Most  of  the  dams  which  have  been  built  during  the  last  fifty  years 
have  been  straight  in  plan,  depending  upon  their  weight  for  stability. 

In  a  few  cases,  where  the  dams  have  closed  very  narrow  valleys, 
they  have  been  curved  up  stream,  and  designed  as  arches  to  transmit 
all  the  thrust  of  the  water  to  the  sides  of  the  valley.  There  is  a  third 
type,  still  fewer  in  number,  located  in  moderately  narrow  valleys, 
which  have  been  made  the  full,  or  nearly  full,  cross-section  which 
would  be  required  for  a  gravity  dam,  and,  besides,  have  been  curved 
in  plan. 

What  is  practically  a  standard  method  of  analysis  of  stresses  in  a 
gravity  dam,  based  ui^on  the  usual  assumj^tion  of  uniformly  varying 
stress,  has  been  developed.  This  method  is  simple,  and  may  be 
found,  with  variations,  in  detail  in  the  textbooks  and  works  upon 
masonry,  and  has  been  used  in  the  design  of  practically  all  modern 
dams. 

The  analysis  of  stresses  of  the  purely  arch  dams  has  been  made 
after  still  more  common  methods  in  use  for  all  masonry  arches.  Many 
objections  to  this  method  of  treatment  have  been  raised.  The  objec- 
tors have  argued  that  the  fact  that  the  horizontal  arch  is  held  rigidly 
at  the  base  of  the  dam  upsets  the  whole  assumi>tion  that  the  dam  acts 
simply  as  an  arch.  If  the  arched  form  is  maintained  and  the  thick- 
ness is  increased,  so  that  the  structure  has  considerable  strength  as  a 
gravity  section,  this  argument  has  even  greater  force. 

The  Lake  Cheesman  Dam  belongs  to  this  last  class,  of  combination 
gravity  and  arch  dams,  and  the  analysis  of  stresses  was  made  in  three 
ways. 

In  the  first  its  cross-section  was  examined  as  a  gravity  section  by 
the  methods  usually  applied  to  gravity  dams. 
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In  the  second  the  stresses  were  computed  when  the  dam  was  con- 
sidered as  a  simple  horizontal  arch.  This  was  done  only  incidentally 
and  with  no  idea  that  the  assumptions  at  all  approximated  the  actual 
conditions,  but  it  shows  what  the  strenfj,th  of  the  arch  would  be  if  it 
could  be  developed.  The  dam  coiild  not  fail  without  developing  this 
strength. 

The  third  analysis  takes  account  of  the  combined  action  of  the 
gravity  section  and  the  horizontal  arch. 

There  is  nothing  novel  in  the  first  two  treatments,  and  the  only  ex- 
cuse for  this  paper  is  found  in  the  third.  The  method  here  used  is 
not  itself  novel,  but  it  has  not  been  usually  applied  to  masonry  dams. 

The  analysis  of  the  stresses  in  every  engineering  structure,  with  a 
very  few  exceptions,  is  based  upon  the  assumption  that  all  particles 
lying  in  a  plane  before  stressing  wall  lie  in  a  plane  after  stressing,  and 
that  stress  is  proportional  to  strain,  or,  as  it  is  commonly  expressed, 
the  stress  is  uniformly  varying  along  any  plane. 

This  law  of  distribution  of  stress  has  been  tested  as  to  its  correct- 
ness, when  applied  to  the  common  cases  of  steel,  timber  and  small 
masonry  construction,  by  the  most  refined  laboratory  experiments, 
and  also  by  the  success  of  countless  structures  for  which  it  has  formed 
the  basis  of  design.  Yet  it  must  have  its  limit  of  practical  application, 
and  great  care  should  be  exercised  in  extending  it  to  new  fields. 

It  is  an  open  question  whether  or  not  the  application  of  the  law  to 
a  masonry  dam,  150  ft.  thick  at  its  base,  is  an  unwarranted  assumption. 
It  will  probably  remain  so  until  some  one  expends  the  time  and  money 
to  make  the  delicate  measurements  necessary  to  solve  the  problem. 

While  the  applicability  of  the  law  to  masonry  dams  is  not  as  well 
demonsti-ated  as  to  an  I-beam,  for  example,  there  are  very  good 
theoretical  reasons  for  believing  that,  even  if  the  law  is  not  rigidly 
correct  when  applied  to  masonry  dams,  its  error  is  on  the  safe  side. 
Besides  this,  the  law  has  been  applied  to  the  design  of  masonry  dams  for 
half  a  century,  and,  as  far  as  known,  every  successful  dam  satisfies  the 
requirements  of  stal)ility  which  are  founded  upon  the  law,  and  all 
failures  may  be  explained  either  by  a  disregard  of  those  requirements 
or  by  other  obvious  reasons. 

Granting  the  correctness  of  the  above  law,  the  stresses  for  any 
loading  of  the  structure  may  be  computed  by  any  one  of  a  great 
variety  of  methods.  By  comparing  these  stresses  with  known  safe 
limits,  the  safety  of  the  structure  may  be  judged. 
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In  the  following  comi^utation  of  the  stresses  in  the  dam  as  a  gravity 
section,  the  prism  of  masonry  included  between  two  parallel,  trans- 
verse, vertical  jjlanes,  1  ft.  apart,  is  considered  to  resist  the  water 
pressure  against  its  up-stream  face. 

This  prism  of  masonry  is  considered  to  be  divided  into  layers  by 
imaginary  horizontal  joints  or  planes  10  ft.  apart,  as  indicated  in 
Pig.  5.  The  condition  of  stress  is  then  computed  at  each  one  of  these 
joints. 

Let  b  =  the  breadth  of  the  horizontal  joint; 

T'F=  the  weight  of  the  masonry  above  the  joint,  in  terms  of 
the  weight  of  a  cubic  foot  of  masonry  =  the  sec- 
tional area  above  the  joint  (weight  of  1  cu.  ft.  of 
masonry  ^  156.25  lbs.); 
P  =  the  horizontal  thrust  of  the  water  pressure  acting 
above  the  joint,  in  terms  of  the  weight  of  a  cubic 

^     ,     ,  d^         62.5  rf2 

foot  of  masonry  =  -  X   ^^^^  =  -g-; 

d  =  the  depth  of  the  joint  below  high  water  =  214  =  the 

elevation  of  the  joint; 
Si  =  the  batter  of  the  up-stream  face  of  the  dam  in  the  10 

ft.  above  the  joint; 
3-2  =  the  batter  of  the  dowoi-stream  face  of  the  dam  in  the 

10  ft.  above  the  joint; 
M  =  the  moment  of  all  the  masonry  above  the  joint  about 

its  ui)-stream  edge; 
n  =  the  distance  from  the  ui3-stream  side  of  the  dam  to 

the  resultant   for  reservoir  empty  =  t—  ; 

a  =  the  angle  which  the  resultant  for  reservoir  full  makes 
♦    with  the  vertical; 
p 
tan.  a  =  -j^  =  the  coeflBcieut  of  friction  required  to  prevent 

sliding; 
V  =  the  distance  between  the   positions  of  the  resultants 

P    d 

for  reservoir  full  and  reservoir  empty  =  -rp:  —^    = 

d^ 


15  W 

he  dista 
falls  inside  the  middle  third ; 


n .3=  the  distance  which  the  resultant  for  reservoir  empty 

o 
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2  b 

-ij («  -f-  r)  =  the  distance  wbicli  the  resultant  for  reservoir  full  falls 

o 

inside  the  middle  third ; 

/,  =  the  vertical  intensity  of  pressure,  in  pounds  per  squai-e 

foot,  at  the  up-stream  edge  of  the  joint,  for  reservoir 

.           312.5  7F,_  ,        ^    . 
empty  =  — ^, (2  b  —  ^n); 

f.2  =  the  vertical  intensity  of  pressure,  in  pounds  per  square 

foot,  at  the  down-stream  edge  of  the  joint,  for  reser- 

312.5  W  i^n  —  h) 

voir  emptv  = A ; 

"  b^ 

f\=  the  vertical  intensity  of  pressure,  in  jjounds  i^er  square 

foot,  at  the  up-stream  edge  of  the  joint,  for  reservoir 

f^^ jl  _  312.5  Tr(2^  — 3  {n-\-v)) 

b~  ' 

f'2  ^=  the  vertical  intensity  of  pressure,  in  i)ounds  per  square 

foot,  at  the  down-stream  edge  of  the  joint,  for  reser- 

.    ^  „       312.5  W(d  (n+  v)  —  b) 
voir  full  = ^-~ — — i. 

O" 

The  results  of  the  computation  at  each  horizontal  joint  are  given 
in  Table  2. 

It  is  usually  required  that  friction  alone  should  be  sufficient  to 
prevent  sliding  along  any  hoi-izontal  plane.  This  requires  that  the 
resultant  at  any  horizontal  joint  shall  make  an  angle  with  the  vertical 
the  tangent  of  which  is  less  than  the  coefficient  of  friction. 

In  the  Lake  Cheesman  Dam  there  is  nothing  like  a  horizontal  joint, 
for  great  care  has  been  taken  to  make  vertical  bonds,  and  the  masonry 
can  be  relied  ui^on  to  develojj  great  strength  in  shear.  However,  the 
required  coefficients  of  friction  to  prevent  sliding  have  been  worked 
out  in  the  table. 

Two  columns  are  also  given  showing  the  amount  that  the  result- 
ants, for  reservoir  full  and  reservoir  empty,  fall  inside  the  middle  third 
of  each  horizontal  joint. 

The  positions  of  the  resultants  are  plotted  in  Fig.  5. 

This  treatment  of  the  curved  dam  must  be  considered,  at  best,  as 
an  approximation,  and  has  force  only  if  it  be  assumed  that  of  two 
dams  of  the  same  cross-section,  one  of  which  is  curved,  with  rigid 
abutments,  and  the  other  straight,  the  curved  one  will  be  at  least  as 
strong  as  the  other. 
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It  was  assumed  that  a  i)risiii  of  masonry  cut  by  jjarallel  jjlaues  re- 
sisted the  water  pressure  upon  1  ft.  length  of  dam.  In  reality,  a  wedge 
of  masonry  cut  by  radial  planes  must  resist  this  water  pressure.  At 
the  toe  this  wedge  would  be  only  six-tenths  of  its  thickness  at  the  up- 
stream face. 

There  is  little  doubt  that  the  curved  form,  of  the  same  cross-sec- 
tion, is  as  strong  as  the  straight,  and  the  whole  question  might  be  left 
here  with  confidence  in  the  stability  of  the  dam.  But  this  is  only  an- 
other way  of  saying  that  the  arch  must  carry  its  part  of  the  load,  and 
relying  on  it  to  do  so  without  any  measure  of  how  much  this  part  is. 

It  was  thought  very  desirable  to  gain  a  better  idea  of  what  part  of 
the  load  is  resisted  by  the  arch  and  what  part  by  the  gravity  section. 
To  accomplish  this,  the  following  method  of  analysis  was  used: 

It  is  evident  that  the  load  will  be  divided  between  the  arch  and  the 
gravity  dam  in  proi^ortioa  to  their  relative  rigidities,  and  it  is  upon 
this  that  the  analysis  is  based. 

The  gravity  section  might  have  been  treated  as  a  vertical  cantilever 
beam  projecting  upward  from  the  foundation. 

If  the  stresses  in  this  beam  had  been  computed  by  the  usual 
method  of  treating  beams,  and  these  stresses  corrected  for  the  weight 
of  masonry  lying  above  the  section  considered,  the  same  results  would 
have  been  obtained  as  those  given  in  Table  2.  In  the  following  anal- 
ysis this  method  was  used. 

Any  structure  Avhich  resists  force  must  suffer  deformation,  and,  if 
the  material  is  not  stressed  beyond  its  elastic  limit,  the  amount  of 
deformation  is  proportional  to  the  force  which  pi-oduces  it.  In  other 
words,  the  amount  of  deformation  is  a  measure  of  the  forces  which 
cause  it. 

The  structure  may  be  built  so  that  one  simple  system  is  deformed 
under  load,  as  in  the  case  of  a  simple  girder  or  a  simple  arch;  in  that 
case  it  is  evident  that  the  one  system  which  is  deformed  is  sustaining^ 
the  whole  load.  If,  however,  two  or  more  systems  are  deformed, 
which  would  be  the  case  if,  for  example,  the  middle  of  a  beam  rested 
upon  an  arch  or  a  strut,  then  it  follows  that  the  load  is  divided  be- 
tween the  two  systems  in  jiroportion  to  their  rigidity.  This  is  the 
case  of  the  curved  masonry  dam.  The  thrust  of  the  water  on  the  up- 
stream face  causes  the  dam  to  deflect  down  stream.  This  means  that 
the  horizontal  arch  is  distorted  and  therefore  resists  a  certain  amount 
of  thrust  which   it  transmits  to  the  sides  of  the  valley,  and  the  dam 
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considered  as  a  gravity  section,  or,  as  pointed  out  before,  as  a  can- 
tilever beam  projecting  upward  from  the  foundation,  is  also  deformed, 
and  therefore  resists  a  certain  amount  of  the  load,  which  it  conducts 
to  the  base  of  the  dam.  The  problem  is  to  determine  how  much  of 
the  load  goes  each  way,  and  then  to  test  each  system  for  its  ability  to 
carry  its  load  with  safety. 

The  method  to  be  inirsued  is  to  divide  the  dam  above  Elevation  55, 
which,  for  reasons  to  be  given  later,  will  be  considered  to  be  its  base, 
into  five  arch  rings  by  horizontal  planes  at  Elevations  100,  130,  160 
and  190.  An  expression  will  be  developed  which  will  give  the  deflec- 
tion of  each  of  these  arches,  in  terms  of  its  properties  and  the  load 
which  it  resists. 

Another  set  of  expressions  will  be  develoj^ed  which  ■will  give  the 
deflections  of  the  points  on  the  dam  at  the  elevations  of  the  middle  of 
the  arch  rings,  if  the  dam  is  considered  as  a  vertical  beam,  in  terms  of 
the  properties  of  the  vertical  beam  and  the  loads  which  it  resists. 

It  is  useless  to  attempt  an  exact  solution  of  the  jiroblem,  as  the 
oiitlines  of  the  structure  are  not  sufficiently  regular,  and  to  enter  into 
too  great  refinements  would  complicate  the  solution,  which,  at  best,  is 
somewhat  involved.  However,  an  exact  solution  is  not  necessai-y,  nor 
especially  desirable.  If  whatever  approximations  are  made  are  upon 
the  safe  side,  and  results  can  be  gotten  which  are  known  to  be  within 
limits  which  are  not  too  wide,  the  solution  is  nearly  as  satisfactory  and 
quite  as  valuable,  as  a  test  of  the  safety  of  the  structure,  as  though  it 
were  exact. 

In  the  Lake  Cheesman  Dam,  if  it  be  considered  that  the  dam,  acting 
as  an  arch,  carries  all  the  load,  the  stresses  would  not  be  excessive. 
This,  in  itself,  is  a  very  good  guaranty  of  the  stability  of  the  dam,  for 
if  it  should  fail  utterly  as  a  gravity  section  it  could  never  be  carried 
away  until  it  had  failed  as  an  arch,  and  it  seems  safe  against  such  a 
failure.  It  follows,  then,  that  if  either  feature  of  the  dam  is  in  dan- 
ger it  must  be  the  gravity  section,  and,  therefore,  the  safe  side,  in  an 
assumption  for  the  calculation,  is  the  one  which  throws  the  greater 
load  upon  the  vertical  cantilever  or  gravity  section. 

There  are  two  assumptions  that  it  is  necessary  to  make,  to  simplify 
the  work. 

First,  it  is  assumed  that  the  line  of  thrust  in  the  arch  coincides 
with  its  center  line  throughout  its  length.  In  other  words,  the  effect 
of  the  fixed  abutments  is  neglected.     This  is  on  the  safe  side,  for  the 
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effect  of  the  fixed  abutments  is  to  stiften  the  arch  and  make  it  take 
more  of  the  load,  leaving  less  for  the  gravity  section. 

Second,  it  is  assumed  that  the  bottom  of  the   dam  follows  the 
dotted  lines  a  b  c  in  Fig.  7.    This,  again,  is  on  the  safe  side,  for,  if  the 
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bottom  of  the  dam  at  its  middle  were  at  h,  Fig.  7,  the  vertical  can- 
tilever would  be  shorter,  and  therefore  stiffer,  than  it  actually  is,  and, 
therefore,  it  would  take  more  load  than  it  actually  does.  Or,  looked 
at  in  another  way,  the  assumption  places  the  bed-rock  at  h,  and  implies 
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that  it  is  perfectly  rigid.  As  a  matter  of  fact,  there  is  a  mass  of  65  ft. 
of  masonry  below  b  which  is  stressed  at  its  down-stream  edge  to,  say, 
30  000  lbs.  per  square  foot,  and  must  compress,  allowing  the  dam  to 
deflect  at  the  middle  still  more  than  has  been  assumed,  and  throwing 
more  of  the  load  upon  the  arches  and  less  upon  the  gravity  section  than 
has  been  assumed.  Let  Fig.  10  represent  a  section  of  the  dam  at  its  mid- 
dle, or  at  b,  Fig.  7,  showing  the  section  of  the  horizontal  arches.  Let  the 
arches  be  numbered  from  the  top  down,  and  let  all  subscripts  refer  to 
this  numbering.  Consider  a  vertical  beam  fixed  at  h,  Fig.  7,  and  con- 
sisting of  the  masonry  enclosed  between  two  vertical  radial  planes 
1.002  ft.  apart  at  the  up-stream  top  edge  of  the  dam.  Consider  this 
beam  to  rest  against  the  horizontal  arches  at  Elevations  205,  175,  145, 
115  and  85,  and  suppose  the  water  pressure  to  be  concentrated  at  these 
points.  These  pressures,  in  terms  of  the  weight  of  a  cubic  foot  of 
masonry,  are: 

Pi  =     115 

P2  ^     468 

P,=     831 

P,  =  1  197 

7*5  =  1  573 

Let  the  loads  upon  the  vertical  beams  at  Elevations  205,  175,  145, 
115  and  85  be  X^,  X,,  X^,  X^,  and  X.  It  will  be  assumed,  for  the 
moment,  that  the  arches  have  a  uniform  loading  throughout  their 
length.  This  loading  must  then  be  P  —  X.  Later,  this  assumption 
will  be  shown  to  be  warranted. 

If,  as  has  been  assumed,   the  arch  has  hinged  ends,  its  deflection 
will  be  as  indicated  in  Fig.  8,  that  is,  the  deflection  is  uniformly  in- 
creasing from  the  ends  toward  the  middle. 
Let      A  =  the  sectional  area  of  an  arch  ring; 

R  =  the  radius  of  its  up-stream  edge; 

E  =  the  modulus  of  elasticity  of  the  masonry; 

a    =  one-fourth  the  angle  which  the  arch  subtends; 

T  =  the  thrust  in  the  arch  ring; 

L   1=  the  length  of  the  center  line  of  the  arch  ring; 

/     =:  the  shortening  of  the  arch  ring  under  compression; 

c     =  the  initial  position  of  the  crown  of  the  arch  (see  Fig.  8); 

c'    =  the  position  of  the  crown  after  deflection; 
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but         /  = 


D  =  the  deflection  of  the  crowu  of  the  arch; 
Y  cot.   a  ; 
TL        {P  —  X)RL 


D  ^  ~  cot.   a  ; 

Jt 


AE  A  E 


TheuB='^-f//°°'"    (I) 

The  following  are  the  values  of  R,  L,  A  and  cot.  a,  for  the  several 
arches: 


iJi  =^  400 

L,  =  580 

Ai  =     504 

cot. 

«!=  2.5 

R.^  =  400 

L,  =  400 

A2  =  728 

cot. 

a.,--=    3  7 

R^  =  400 

X,  =  270 

.43  ==  1  222 

cot. 

«.i  =47 

R^  =  402 . 

4 

L,  =  200 

A^  =  1  851 

cot. 

r/,  =  7.1 

/?,  =^405. 

7 

Z,  =  130 

A,  =  2  589 

cot. 

r/3  =  11.4 

Before  going  farther,  the  stress  in  the  arches,  if  the  structure  had 
no  resistance  whatever  as  a  gravity  dam,  will  be  investigated.  We 
now   have   all    the  elements    for   substituting  in    the    approximate 

„      PR 

formula,  -r  =  — -j-  , 

for  stress  in  an  arch. 

^      ^  ^       ^     ^      115  X  400  X  156.25       ^  ^  ^^^,^ ..  „     . 

For  Ist  arch,  E  = ^^ =  14  000  lbs.  per  square  foot. 

,.      ^n        1     T^      468x400x156.25       .nnAan  *     + 

For  2d  arch,  F  = =ho =  ^0  000  lbs.  per  square  foot. 

728 

^     ^^        ,     ^      831x400x156.25       ,  , -^mi  t     ^ 

For  3d  arch,  F  = T'900 ~  1^®^  square  foot. 

For4tharch,  F  =  1  197  X  402^^xj56j5  ^  ^j  ^^  ,„^    j,^,.  ^^^,„^ 

foot. 

For  5tharch,  j.  =.  ^  ^73  X  405.7  X  156.25^  3^  ^^^  ^^^^    ^^^^   ^^^^^^.^ 

J!    00<7 

foot. 

Bv  this  it  is  seen  that  the  arches  would  not  be  over-stressed  if  the 

dam  had  no  resistance  as  a  gravity  section. 

By  substituting  the  values  of  R,  L,  /Zand  cot.  a,  in  Equation  I, 

the  following  set  of  equations  results : 

EDi  =  575.4  (P,  —  Xi)  =  66  170  —  575.4  X^ 
ED2=^  406.6  (Po  —  A'2)  =  190  300  —  406.0  X, 
ED.i  =  207. 7  (P3  —  X,)  =  172  600  —  207. 7  X3 
EI)^  =  154.5  (P^  —  X,)  =  184  950  —  154.5  X^ 
E  D-^  =  116.1  (P5  —  X,)  =  182  600  -  116.1  X, 
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These  are  E  times  the  deflections  of  the  crown  of  the  several 
arches,  in  terms  of  the  loads  on  the  vertical  beam. 

These  same  deflections  -will  now  be  expressed  in  terms  of  the 
proi)erties  of  the  vertical  beam  and  its  load. 

The  deflection  of  the  dam,  considered  as  a  vertical  beam,  i& 
expressed  by  the  formula: 

r"_MdM     (jj^ 

in  which  M   =  the  bending  moment  at  any  point; 
/     =  the  moment  of  inertia  of  the  beam; 
E    =  the  modulus  of  elasticity; 

H    =  the  height  of  the  dam  =  the  total  length  of  the  beam; 

Z)„  =  the  deflection  of  any  loaded  point,  from  the  position 

of  the  beam  without  loads.      D  must  be  measured 

in  the  direction  of  the  action  of  the  load  X„. 

For  the  reason  that  this  formula  does  not  appear  very  generally  in 

textbooks,  it  will  be  demonstrated  here. 

Let  any  beam  be  acted  upon  by  loads  X^,  X^ JT^  at  j)oints 

A.  A Dn- 

Let  the  movement  of  these  points  under  load  be  Z),,  i)_, i),j. 

In  passing  from  one  condition  of  loading  to  another,  work  is  done. 
The  total   work  of  all   the   external  forces   acting  upon    the  beam 
PB 
2     • 

By  the  doctrine  of  the  consei-^'ation  of  energy,  this  must  be 
equalled  by  the  internal  work  done  in  distorting  the  beam.  This 
internal  work  is  done  in  lengthening  and  compressing  the  material, 
and  is  stored  as  potential  energy  in  the  material,  to  be  given  back  if 
the  forces  are  removed  and  the  beam  springs  back  to  its  initial  position. 
In  Fig.  9: 

Let  c  c  be  an  infinitesimal  jiortion  of  length,  d  y,  of  the  neutral  axis 
of  the  beam  under  stress; 
n  n'  and  m  m'  be  normal  sections; 
i  be  the  angle,  n'  c  r'; 
2  be  the  distance  from  the  neutral  axis  to  any  point,  q,  on  the 

section,  w  n'; 
/be  the  stress  at  the  point,  </,• 
Zi  =  c  71 ; 
Z.^  =  c  n'. 


is-W=^^- 
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Before  the  beam  was  stressed,   m  m' was  parallel   to  to  m',  or  in  a 

position,  ?•  r'. 

f 
The  average  force  acting  upon  a  unit  area  at  7  is  -^  ,  and  the  dis- 
tance through  which  it  acts  is  z  i. 


Then,  neglecting  the  distortion  caused  by  shear,  which  is  practi- 
cally zero,  the  work  done  on  an  area,  a,  at  5  is :  m;  =  — ^r—  . 


The  work  upon  the  whole  prism,  n  n'  m'  m,  is: 


z. 


f  (t  z  i 

2~' 
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The  total  ioternal  work  in  the  whole  beam  is: 


--2.2 


f  a  z  i 


2 
—  z, 

The  total  external  work  done  npon  the  beam  is: 


2 

Equating  external  with  internal  work,  and  eleariug  of  fractions, 


yy  z, 

P,  A  +  P>  I),-  -  .  P„  !>.  =  ^      ^        /' 


we  have: 

.H z, 

_,"  ^/  2  I. 

Differentiating  this  equation  with  respect  to  P„,  we  have: 

1)..  =     ^  ;>         "-^    a  2  ^. 

dP„ 


2  2 

Mz 


But,  •^-    I  • 

Then,  _rf/_rf.V^. 

cZP„       fZP„/' 

o«/i  •       /f-^y        Mzdy 

and  ^^  =  V=-^T^" 


Substituting  the  values  of  j-j;-  and  ^ /,  we  have: 


dP„   I        EI 

z,         " 


but  ^   "     a  z"^  =  I. 


We  therefore  have 


^■'-f^wi'"' <3ED. 


Let  jl/j  be  the  bending  moment  at  any  i^oiut  between  p^  and  p^. 
Fig.  10,  and  ilf,  between  p^  and  p,,  and  so  on  for  ]\L,  31^  and  My 

Let  /i  be  the  average  moment  of  inertia  between  p,  and  p,,  I.^  the 
same  between /»2  ^•Dd/)^,  etc. 

Let  y  be  the  distance  measured  downward  from  any  load  point 
toward  the  next. 


LAKE    CHEESMAN    DAM    AND    RESERVOIR. 


121 


Then  M,  =  y  X„    and  '^  =  !/ 


M^={y  +  a)  X,  +  y  X., 


dM, 
d  X, 


=  y  4-  «. 


d  Xo 


=  y 


^p=  (/  +  2  «y  +  «^)  X,  +  (/  +  ay)  X, 

f"  d  M.^  M, 1_ 

J      El.dX,  '^■^~  E  l^ 


(^  +  „3^.^)^+gV|^ 


^      X 


6^7, 


dX, 


=  (/  +  «  y)  Xi  +  /  X, 


r''  d  M,  M,  d  y   ^ifs^A.  ^^ 
J  ^     El.dX,  K    3   +    2  J 


^.+^X, 


6  E  I, 


[U  X,  +  5  X,) 


1    _ 

(5  X,  +  2  X,) 


M,  =  {2a  +  y)  X,  +  {a  +  y)  X, -^  y  X, 


d3L 


dM., 


^^^'  =  {4.a'  +  iay+  if)  X,  +  (2  o^  +  3  a  y  +  y-)  X,  + 

(2  a  y  +  2/')  ^3 

r"    d  J/,  J/;  d  y 1_ 

J  dX.  "EL 

g-^    (38X1   +   23X2+8X3) 
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f]  1/   \f 

(«  y  +  y')  ^3 

r"  d  M,  M,  d  y  _      1 
J  „     EI,dX~  -EI, 

^  ,El,dX,     ''        EI, 

g-l"^  (8  Xi  4-  5  X  +  2  X3) 

3/,  ==  (3.7  +  ,'/)  X,  +  (2a  +  y)X,  +  [a  +  ;y)X3  +  y  X, 
d  Mi       .^      .     .     d  M^        ,0      ,      ^     dM,  ,         rf^/, 

-f^=  (9o-'  +  6a,/  +/)  Xi+  (6r,2  +  5a.v  +  /)  X + 
(3a2  +  4«^V  +  /)X3+  (3«.y  +  /)X, 

1^^  =  (6  r,2  4.  5  a  y  +  y^)  X,  +  {4:  a" -i- 4:  a  y  +  /)  X^  + 

(2  a^  +  3  a  y  +  /)  X.  +  (2  a  ^  +  7f)  X, 

i^ll^^  =  (3  a^   +  4  ./  .y  +  /)  X,  +   (2  rr  +  3  a  y  +  y')  X  + 

(,,2  +  2  fl  ?/  +  r)  -^3  +  {«  y  +  /)  x. 

a 

/,I^  =  647/^2X,  +  23X,  +  UX3  +  5XJ 

^^:^*  =  (3  a  y  +  y^)  x,  +    (2  a  y  +  /)  X  + 

(a  y  +  /)  X3    +  j/2  X, 
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3/3  =  (4  a  +  ./)   X,  +  (3  a  +  1/)  X,  +  (2  a  +  i/)  X,  + 

{a  +  y)  X,  +  .//  X.^ 
d  M.  ,     .     d  3Ir,       ,„  d  Mr,  . 

r7^  =  (^«+^'^)'  crx:  =  ('''+-'^)'  ^  =  ^'^  +  ^'^^' 

d  M^       .     ^     .     dM, 

rf-x;  =  ("  +  -^^'  rf,  =  -^ 

(8  a2  +  6  a  if  +  y^)  Xj  +  (4  a^  ^_  5  a  y  +  y')  X,  +  (4  a  3/  +  /)  X^ 


/ 


(^  ii/;  M.    J 


„EI,dX,  6EI, 

(122  Xi  +  95  X,  +  68  Xj  +  41  X^  +  14  X^) 


dM^M^ 


(12  (?  +.1  a  y  +  /)  Xj  +  (9  o^  4.  fi  a  y  +  /)  X  + 


dX^ 

(6  a'  +  5  a  2/  +  /)  X,  +  (3  a'  +  4  «j/ +  /)  X,  +  (3 a?/  +  /)  X, 


/ 


— 3 — 5-  dy=  

El^dX;,  ^  6^/5 


(95  X,  +  74  X,  +  53  X3  +  32  X,  +  11  X^) 


^^^'=^  (8a2+  6«.v  +  /)X,  +  (6«2  +  5r,.y+/)X  + 

(4«^+  4a.v+/)  X3+  (2«2  +  3«3/  +  /)  X,+ 

(2ay  +  /)X^ 

I     . ^ — -2-  d  y  = 

J  ^El.dX,      ''       %EI, 

(68  Xi  +  53  X  -I-  38  X.  +  23  X,  +  8  X^) 

^^i^5  _  (4«2  4-5a.y  +   /)   X,  +    (3a2+4«.y  +  .r)   X  + 
(2  a2  ^  3  ,,  y  _,_  y2)  j^^  _^  (^^.  _^  2  a  .V  +  /)  X,  4-  {^t  y  +  y^)  X- 


/ 


^  ^  /^  d  X/  -^  "  6EI^ 

(41  X,  +  32  A'2  +  23  X3  +  14  X^  +  5  X,) 

^^'^^  ^  (4  a  y  +  /)  Xi  +  (3  a  ^v  +  y')  X  +  (2  a  y  +  /)  X,  + 
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/ 


d  M;  M,     ,  a- 


dy  = 


(14  Xi  +  11  X.  +  8  Xj  +  5  X^  +  2  X;) 
/i  =  540 
/,  =  3  240 
/.J  =  10  800 
7,  =  32  400 
/.  =  81  000 
To  simplify  the  numerical  work,  the  factor,  36  =  C,  is  introduced. 
Then, 

a^  G  _    300 

Q    EIy~     E 

a^C   __50 
6  El2~  E 

a'C   _25 
E 

''  E 

^  f^MdM   ^^  r  M,dM,  ^, 

'      J  ^EldX,     ^'     J  ^El.dX^    ■ 

r"  M,dM,  r"  M,dM, 

J  ^El.dX,     ^ ^J  ^El,dX, 

Or,  by  making  the  proper  substitutions,  we  get : 

C  j&  D,  =  2  484  X,  +  1  050  X,  +  416  X3  +  137  X,  +  28  X5 
C  ^  D,  =  1  050  Xi  +  648  X,  +  296  X^  +  104  X^  +  22  X5 
CED,^  416  Xi  +  296  X,  +  176  X3  +  71  X,  +  16  X. 
CEl)^^  137  Xi  +  104  X,  4-  71  X;^  +  38  X,  +  10  X5 
GEI),=  28Xi+  22X2+  16X:5  4-,  30  X,  +  4X5 
By  multiplying  the  values  of  E D^,  ED,,  etc.,  which  were  found 
from  the  arch,  by  the  factor,  36,  we  have: 

(7  ^  Di  =  2  382  000  —  20  714  Xj 

C  ^  D2  =  6  851  000  —  14  638  X^ 

C  E  D.^  =  6  214  000  —    7  477  X3 

C  ^  Z>^  =  6  658  000  —    5  562  X, 

C  ^  A  =  6  574  000  —    4  180  X 
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We  have  now  two  sets  of  oxiiressions  for  the  same  thing.  By 
equating  these  we  get  the  following  group  of  simultaneous  equations: 
0=  — 2  382  000  +  23198X,  +  1050X4-  416X^+  137X,-f  28  X, 
0  = —  6  851000-}-  1  050  Xi -f  15  286  X.  +  269  X^+  104  X^+  22X5 
0  =  — 6  214000+  416  X, -I-  296  X  +  7  653  X3  +  71X,+  16  X^ 
0  =  — 6  658000+  137  Xi+  104  X  +  71  A"^  +  5  600  X,  +  10  X^ 
0  =  _6574000+  28Xi+  22X+  I6X3+  10  X^  +  4 184  X^ 
Solving  these  equations  we  get: 

X,  ^       61 

X2  =     420 

Jfj  =     780 

X^  =  1  167 

X5  =  1  570 

These  are  the  thrusts  to  be  sustained  by  the  gravity  section,  and 

may  now  be  used  in  place  of  the  actual  to  compute  the  stresses  in  the 

gravity  section. 

The  loads  on  the  arches  are : 

Pi  —  Xi  =  55 
F,  _  A".  =  48 
p.^  _  X,  =  51 
P,  —  X,  =  30 

By  comparing  these  with  the  loading  which  goes  to  the  gravity 
section,  it  is  seen  that  the  arch  carried  nearly  half  the  load  at  the  top, 
but  only  about  6%  half  way  down,  and  practically  none  at  the  bot- 
tom. However,  any  assistance  near  the  toj)  of  a  gravity  dam  is  worth 
many  times  the  same  amount  near  the  bottom.  Table  3  gives 
the  computation  of  stresses  in  the  trapezoidal  section  included 
between  two  radial  planes  for  both  the  case  of  reservoir  empty  and 
that  of  reservoir  full.  For  the  horizontal  thrusts  of  water  pressure, 
Xi,  Xg,  etc.,  just  found,  were  used  down  to  Elevation  70.  Below  this 
point  the  actual  water  pressures  were  \xsed.  In  this  table, 
b  =.  the  breadth  of  the  joint; 

Gi  =  the  width  of  the  up-stream  edge  of  the  joint; 
6^2  =   "       "         "       down-stream  edge  of  the  joint; 
r  =    "    radius    "  "  "         "  " 

s,  =    "    batter    "        up-stream   face  in  the  10  ft.  next  above 
the  joint; 
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Sj  =  the  batter  of  the  down  stream  face  in  the  10  ft.  next  above 
the  joint; 

a  =  the  area  of  the  horizontal  Joint  =       '     ..      — ; 

W  =  the  weight  of  all  masonry  above  the  joint,  in  terms  of  the 
weight  of  a  cubic  foot  of  masonry; 
g  =  the  distance  of  the  center  of  gravity  of  the  joint  from  its 

up-stream  edge  =   ^  ^c,+  C,)  ' 

M  =  the  moment  of  all  the  masonry  above  a  joint  about  its  up- 
stream edge; 

n  =  the  distance  from   the  up-stream  edge  of  a  joint  to  the 

resultant  for  reservoir  emptv  =  ^-=; 

W 

t  :=  the  actual  thrust  of  the  water  against  the  10-ft.  layer  next 

above  a  joint,  in  terms  of  the  weight  of  a  ciibic  foot  of 

masonry ; 

X  =  the  thrust  of  the  water  against  the  10-ft.  layer  next  above 

a  joint  which  is  carried  by  the  gravity  section  (see  the 

foregoing  computation  of  the  effect  of  arch  action); 

iVij  =  the  moment  about  the   joint  of  all  these  loadings   [X) 

which  act  above  it; 

V  =  the  distance  between  the  resultants  for  reservoir  full  and 

reservou"  empty  =  ■:rj^; 

I  =  the  moment  of  inertia  of  the  joint  about  its  center  of 

gravity ; 
/"i  =  the  vertical  stress,  in  pounds  per  square  foot,  at  the  ui)- 
stream  edge  when  the  reservoir  is  empty,  = 
156.25  W   ,    156.25  W  {g  —  n)  g 
~~^         "•"  /'  ' 

y;  =  the  vertical  stress,  in  pounds  per  square  foot,  at  the  down- 
stream edge  when  the  reservoir  is  empty,  = 
156.25  W  ,    156.25  {g  —  n)  (b  —  g) 
a         +"  ~T  ' 

/'i  =  the  vertical  stress,  in  i^ounds  per  square  foot,  at  the  up- 
stream edge  of  the  joint  when  the  reservoir  is  full,  = 
156.25  W  _  156.25  W {ii  +  v  —  g)  g 
a  7  '       • 
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y'2  =  vertical  stress,  in  pounds  per  square  foot,  at  the  down- 
stream edge  of  the  joint  when  the  reservoir  is  full,  = 
156.25  W       156.25  W  {n  -{- v  —  r/)  {h  —  g) 
a         ■*"  /         " 

In  discussmg  Table  3  it  should  be  noted  that  with  this  treat- 
ment of  the  subject  there  is  no  question  of  whether  or  not  the 
resultants  fall  within  the  middle  third.  That  condition  ajjplies  only 
when  the  horizontal  sections  are  rectangular.  However,  to  show  the 
effect  of  the  arch  action  ui^on  the  jjosition  of  the  resultants,  they  are 
plotted  in  Fig.  10.  The  line  a — a  shows  the  position  of  the  resultants 
for  reservoir  full  if  the  gravity  section  receives  no  assistance  from 
the  arch  form.  The  adjacent  line  shows  the  position  of  the  resultants 
for  reservoir  full  when  the  gravity  section  is  assisted  by  the  arches. 

The  last  four  columns  of  Table  3  are  of  principal  interest. 
They  show  no  tension  and  no  compression  greater  than  is  safe  for  the 
excellent  masonry  used  in  the  dam.  At  the  toe  the  stress  is  about 
35  000  lbs.  per  square  foot.  There  are  two  reasons  why  this  stress 
can  iJrobably  never  be  developed.  The  lower  50  ft.  of  the  dam  is  in  a 
deejj,  narrow,  crooked  caiion,  and  if  at  the  toe  a  horizontal  straight 
line  is  di-awn  at  right  angles  to  the  dam  it  will  soon  run  into  the  solid 
granite  rock  of  the  canon.  This  is  shown  very  well  in  Fig.  2,  Plate 
IV.  It  is  also  probable  that  the  masonry  of  the  dam  itself  will 
bridge  across  the  narrow  caSon,  delivering  much  of  its  weight  to  the 
side  walls. 

The  position  of  the  resultants  for  reservoir  full  and  reservoir 
empty,  as  shown  by  Table  3,  is  shown  in  Fig.  10. 

The  line  a-a  shows  the  position  of  the  resultants  for  reservoir 
full  if  the  gravity  section  receives  no  assistance  from  the  arches. 

The  assumption  was  made,  in  the  beginning  of  the  analysis,  that 
the  arches  were  loaded  uniformly,  and  that  their  deflection  increased 
uniformly  from  zero  at  the  abutments  to  a  maximum  at  the  middle. 
We  have  now  to  show  that  the  assumption  was  warranted. 

By  substituting  01  for  A',  and  36  for  C,  in  the  equation  giving  the 
deflection  of  the  top  arch,  we  get 

31  100 


I>, 


E 


This  is  the  deflection  at  the  middle  of  the  dam.     By  the  assump- 
tion, the  deflections,  at  points  on  the  arch,  one-fifth,  two-fifths,  three- 
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ii_i^toco*kcj;0'^oc^  ^^^s05.^-cn^•. -J3DO 


cooooooooooooc 


i  oooooo 


Elevation  of  joint. 


•»?=-.  a'^wji—ooooc-josgroiitkccostcitoi-i 
'  ;  b>  Q  c:  Vi -J '«  tc  ly  C  o  c:  CO 

5         ^  il  ii  -.=  C-.  *-  —  X  —  C-.  CO 


c    Breadth  of  joint. 


14  -1  tC  -Hi  -!  CC  X  C4  X  CO        X  -1  CJJ  i-  H  fl  il  N)  N) 

0 

Width  of  up-stream  edge  of  joint. 

ooooc:oo:dc;c:cc:  =  =  oc;ococo 

0 

Width  of  down -stream  edge  of 
joint. 

Ci  ot  c:  c.  c:  -J  -1  7?  -!  ^j  X  X  x  X  X  x  -.r  -4  -J5  ^  o 

iiii§iiiiE;gi^feggiifir^£ 

-4 

Radius  of  down-stream  edge  of 
joint. 

0,    en    0,    c.    c«    2ig2§=§rjr,2Sgg 

.'-'.'-'.'-'.^.'-'.'-'.'-'.^.".'^  1-1 0  0  op  0  0  c  0  0  0 
50  to  «D  «c  tc  5C  ':o  50  0  Vd  '•*»  0  b:  C5  Ci  bs  '►-'  '•-' 

05 

Batter  of  up-stream  face,  in  10  ft. 
above  the  joint. 

-J-J^-J^J-i-j-a-j-l-icsososososoim*-*.- 

_&> 

Batter  of  down-stream  face,  in  10 
ft.  above  the  joint. 

o<c;TC7ioic;ic;»c;ioic;icncrt*j^4^>uai-ccccoO' 

»^C0C0OOO0J01OO- 

.  J.  CO  (C  tC  —  O  O  -.C  X  -1  CC  eft  en  *.  A.  CO  CO  K)  tt  I-' 


XJ--.r  —  COCO-JCntOO-QCOCOl 


:  r-.  4-^-)COOt005-JNtOCOHi 


5     Area  of  horizontal  joint. 


»0-I;OX*.X50-vlCO-J'XOO*-<!0.  l-'fCa^JOODCO 

OCOcno:?oa^coc;ciCO;c*."-5»**.co*.-OD:Dco:£'CO 


J-    Total  weight  of  masonry  above 
'^'  the  joint. 


<X-j-Jo:c:o>cnoi4-^cococofCifciOi-'  —  ^'— 
p  Oi  JC  pC  4-  p  p  to  _-<J  CO  _CC  _*.  ^  _X  _*^  >-'  OC  CK  JCl  p  po 
Vo  ji.  br  bi  CJT  CO  CO  ►—  *:c  03  CO  ^  ^  io  CD  en  >-*  y»  bo  *x  *:c> 
Oo65CO"Njtooctocncncoi-*ioi-'cncooo:c55CJtoco 


65     Distance  of  center  of  gravity  of 
joint  from  up-stream  edge. 


OQD~jo>cni*i.cotojo>— — ' 


-   .  _-cnifi.c 

„    iitkCOfccocnxjo-jcoo<jcncoto^i 

0-^-^"-<!Cill*'0;CO<0  0->CO*.t£'-JXC05005it^ 

^-*toxcotooo:oc;»cno^o-}cn't.*">:D^ct^corf^ 

OiC;i&3Ctt-.CD'-*'}0'-*tOH^COM05K>0»^H-4-0 

cncno*-ja*.coo:ocoi.^i-'«,co*>.ootiM*»*^i-' 


Total  moment  of  masonry  above 
up-stream  edge.  " 


OlO3CnCJthfc.»t..»t*.C0COCOiCtC<t0»-"-*^->--^ 


-iOXtCltOQDfS'-'C^mCnOtD-JCXOJOOtOCO 


Distance  from  up-stream  edge  to 
resultant,  reservoir  empty. 


CDOCOD-^-QCftOOVCniti.^WCOCOlCtlii-'^H-^t-.* 

tooccoocifcocn^^CfttonD  —  tccn*—  -jcotccni-^i-^ 
at  t-i  en  p  **  o  pT  H-i  ;-Q  **  J-'  p  X  X  _-q  05  p  p  os  c  en 

>-^Oil^-^COCobltC*4^oblH-*CD*H-i'*k.5D«c'H.^ 


Actual  thrust  of  water  on  lO-ft. 
layer  above  joint. 


__         __  _  _5t0C0**O05 

ooNicnoiK^Deni-'oscooooaDoocoooi-' 


Thrust  of  water   on  lO-ft.  layer 
carried  by  gravity  section. 


-;jc2en*.cocotOMi-'>-"-' 

_ .,.,_,  -r  ~.  .i^  ::^  1^  ^ 

:-}  CO  1-' 

C-.  X  -^  c  c;  — .  .■'  ic  — '  c  j;  — .  w'  *-  ■—  —  -}  X  -.c  en  *. 
aix  -  ^,.xiio-iccr4-— .  co-.c*-o;ic>-'-::rx 

00  X  X  CO  CC  CO  y    i;  X  X  ic  CC  C:  X  X  X  Ot  X  X  X  00 
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fifths  and  foiu-fifths  of  the  distance  from  the  middle  tow ard  the  abut- 

,      .„ ,      24  800      18  600     12  400        ,  6  200  ,.     , 

ment,  willbe ^^,    — ^ — ,    — ^r— ,and — ^^—,  respectively. 

By  substituting  the  values  of  X^,  X.^,  X-^,  X^  and  X-^,  in  the  equations 
for  the   deflection   of  the  vertical  beam  or  gravity   section,  we  get 

D,  = = —  ,  which  checks  the  values  just  found  for  the  middle  of 

the  top  arch. 

If  the  base  of  the  dam  follows  the  line  a-b-c.  Fig.  7,  then  at 
the  points  one-fifth,  two-fifths,  three-fifths  and  four-fifths  of  the 
distance  from  middle  toward  the  abutments,  the  base  will  be  at 
Elevations  85,  115,  145  and  175.  Computing  the  deflection  of  the 
tops  of  the  gravity  sections  loaded  with  X•^,  X,,  etc.,  the  bases  of 
which  are  at  these  elevations,  the  deflections  are: 
25  000     16  000     8  000  800 

These  agree  very  well  with  those  above,  except  at  the  three-fifths 
and  four-fifths  points,  where  the  deflection  of  the  beam  is  much  less. 
This  means  that  the  gravity  section  may  take  more  load  than  X^  and 
X,,  but  it  is  abundantly  strong  to  carry  all  the  water  pressure  and 
more,  and  it  seems  that  the  assumption  was  warranted,  especially  as 
no  account  has  been  taken  of  the  stiff'ness  of  the  fixed  abutment  of 
the  arch,  which  would  tend  to  make  the  deflection  of  the  arch  less, 
near  the  abutments. 

It  will  be  noticed  that  it  has  not  been  necessary  to  assign  an  abso- 
lute value  to  E ;  the  foregoing  analysis  would  have  little  value  had  it 
bean  necessary  to  do  so,  for  the  modulus  of  elasticity  of  masonry  is, 
not  only  different  for  each  piece  of  work,  but  is  diff'erent  for  different 
ages  of  the  same  mass. 

It  has  been  assumed,  simply,  that  the  modulus  is  the  same,  both 
for  horizontal  and  vertical  directions.  There  appears  to  be  no  reason 
why  this  should  not  be  so. 

The  value  of  E  probably  lies  somewhere  between  2  000  000  and 
4  000  000  lbs.  per  square  inch,  or  say  3  000  000.  This,  in  terms  of  the 
weight  of  a  cubic  foot  of  masonry  and  a  square  foot,  is  2  764  000.     If 

this  value  be  substituted  in  Equation  Dj  =  '- — =p-  ,  we  get  D,  =  0.011 

ft.  for  the  deflection  at  the  top  and  middle  point  of  the  dam. 
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Thus  far,  only  the  forces  of  water  pressure  and  gravity  have  been 
considered  as  acting  upon  the  dam.  Besides  the  stresses  induced  by 
these  forces,  there  will  be  internal  stresses  caused  by  the  change  of 
volume  of  the  mortar  in  setting,  the  building  of  portions  of  the  dam 
more  rapidly  than  others,  and  certain  jjortions  in  cold  weather  and 
others  in  warm  weather. 

Of  these  stresses,  probably  those  due  to  temperature  changes  are 
much  the  greatest.  The  dam  has  been  built  nearly  continuously,  win- 
ter and  summer,  so  that  it  is  practically  impossible  to  set  the  range 
of  temperature  which  will  produce  stress.  "When  the  reservoir  is  full, 
about  30°  Fahr.  is  as  great  a  change  of  temperature  as  can  be  ex- 
pected. This  would  tend  to  make  the  arch  in  summer  carry  more 
load  than  has  been  attributed  to  it  by  the  analysis,  and  less  in  winter, 
supposing  that  the  dam  is  always  at  a  uniform  temperature.  Should 
the  dam  be  cooler  on  the  down-stream  face  than  on  the  other,  which 
will  nearly  always  be  the  case  in  winter,  the  effect  would  be  to  throw 
more  load  on  the  arch,  thus  neutralizing  the  effect  of  the  winter  con- 
dition of  the  arch.  Likewise,  a  warm  down-stream  face  would  neu- 
tralize the  effect  of  the  summer  lengthening  of  the  arch. 

If  the  dam  should  stand  tbrough  a  cold  winter  with  no  water 
against  its  up-stream  face,  cracks  might  be  expected  in  the  upper  part, 
which  was  built  for  the  most  part  in  summer.  This  is  the  common 
experience  with  straight  dams. 

The  curved  form,  having  greater  flexibility,  would  tend  to  reduce 
the  number  and  size  of  the  cracks,  and,  in  a  dam  like  the  Bear  Valley 
Dam,  the  arch  would  probably  be  flexible  enough  to  prevent  them 
entirely.  This  cannot  be  expected  in  the  Lake  Cheesman  Dam,  but, 
no  doubt,  it  will  i^revent  any  temperature  cracks  when  the  reservoir 
is  full. 

A  theoretical  analysis  of  stress  is  always  open  to.  more  or  less  doubt, 
and  i^robably  the  best  test  of  a  design  is  a  comparison  with  prece- 
dents whenever  it  is  possible. 

Fig.  11  shows  superimposed  profiles  of  several  dams  which  are 
comparable  with  the  Lake  Cheesman  Dam,  as  follows: 

The  Villar  Dam,  in  Spain,  built  in  1870  to  1878,  of  rubble  masonry, 
and  curved  to  a  radius  of  440  ft. 

The  Chatrain  or  Tache  Dam,  in  France,  built  in  1888  to  1892,  of 
rubble  masonry,  and  curved  to  a  radius  of  1  312  ft. 
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The  Furens  Dam,  in  France,  built  in  1862  to  1866,  of  rubble  ma- 
sonry, and  curved  to  a  radius  of  828  ft. 

The  Ban  Dam,  in  France,  built  in  1867  to  1870,  of  rubble  masonry, 
and  curved  in  plan. 

The  Periyar  Dam,  in  India,  built  in  1888  to  1895,  of  concrete,  and 
straight  in  plan. 


COMPARATIVE 
SECTIONS  OF  DAMS 


Villar 


—Periyar 


Furens 


New  Crotott 


Fig.  11 

The  Sweetwater  Dam,  in  California,  built  in  1887  and  1888,  of 
rubble  masonry,  and  curved  to  a  radius  of  222  ft. 

The  profiles  shown  in  broken  lines  in  Fig.  11  are  all  of  dams 
which  have  been  built  and  have  been  subjected  to  pressure  for  some 
years,  and  are  the  best  precedents  existing.     The  five  first  named  are 
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the  highest  dams  in  the  world  which  have  been  subject  to  test.  All 
except  the  Periyar  are  curved  in  plan.  The  Sweetwater,  however,  is 
the  only  one  in  which  the  designers  relied  on  the  arched  form  for 
strength.  In  this  case  the  arched  form  is  the  main  reliance,  although 
the  dam  has  considerable  resistance  as  a  gravity  section.  The  adopted 
profile  of  the  Lake  Cheesman  Dam  is  shown  by  a  full  line.  Com- 
pared with  all  but  the  Sweetwater  Dam,  it  seems  rather  slender. 
There  are,  however,  three  conditions  which  offset  this: 

The  lower  portion  shown  in  the  profile  is  little  more  than  a  plug 
of  a  narrow  canon.  The  length  of  this  plug,  in  a  direction  transverse 
to  the  dam,  is  two  or  three  times  its  breadth,  and  can  hardly  be  con- 
ceived to  develop  the  stresses  which  might  be  expected  in  a  dam  the 
base  of  which  is  as  long  as  its  top.  The  masonry  being  used  is  prob- 
ably heavier  and  better  than  that  in  any  of  the  five  dams  the  profiles 
of  which  lie  outside  it.  Also,  it  is  curved  to  a  smaller  radius  than  any 
of  these  dams. 

The  profile  of  the  New  Croton  Dam  is  also  shown  in  Fig.  11.  This 
can  hardly  be  called  a  precedent,  for  the  dam  is  not  comj^leted,  and, 
of  course,  has  not  been  tested.  The  design,  however,  has  been  before 
the  engineering  profession  for  a  number  of  years  and  has  been  ajj- 
proved  by  many  men  of  the  best  judgment. 
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Joseph  P.  Feizell,  M.  Am.  Soc.  C.  E.  (by  letter). — A  faithful  record  Mr.  Frizell. 
of  the  iuception,  lilanning  and  execution  of  a  great  engineering  work 
is  always  instructive  to  the  profession,  and,  accordingly,  this  paper  by 
Messrs.  Harrison  and  Woodard  on  the  Lake  Cheesman  Dam  is  wel- 
comed. Moreover,  the  failure  of  an  important  work  is  often  more 
instructive  than  its  successful  execution,  and  in  this  view,  it  may  be 
said,  without  any  disparagement  to  the  general  scope  and  purpose  of 
the  paper,  that  its  most  valuable  feature  is  the  account  of  the  failure 
of  the  original  rock-fill  dam.  This  was  a  most  unfortunate  occurrence, 
not  only  as  a  serious  jjecuniary  loss  to  the  promoters  of  the  undertak- 
ing, but  as  discrediting,  in  their  minds,  and,  no  doubt,  in  the  mind  of 
the  general  piiblic,  this  mode  of  construction. 

The  future  prosperity  of  the  arid  section  of  the  United  States,  like 
that  of  every  other  section,  dejjends  largely  upon  agriculture,  and  the 
latter  depends  wholly  upon  irrigation.  The  conformation  of  the 
country,  abounding  in  deep  canons  worn  in  hard  rock,  calls  impera- 
tively for  high  dams,  and  the  needs  of  agriculture  call  with  equal 
lU'gency  for  less  exi^ensive  methods  of  building  than  are  ordinarily 
adojjted,  or  are  justifiable  in  works  of  municipal  water  supply.  These 
conditions  are  fulfilled  by  the  rock-fill  dam,  and  this  mode  of  con- 
struction must  not  be  brought  into  discredit  by  a  failure,  the  result  of 
an  obviously  avoidable  accident.  The  record  of  precipitation  on  the 
drainage  area  appurtenant  to  this  dam  has  been  kept  for  30  years  or 
more.  At  the  commencement  of  the  work,  in  1898,  this  record,  presum- 
ably, was  available  for  the  preceding  25  years.  This  showed  that  high 
water  occiirred  in  the  spring  and  early  summer.  In  May,  1876,  22 
years  previously,  had  occiirred  a  rainfall  nearly  double  that  of  any 
other  month  in  the  record.  Under  the  arrangements  adopted,  this 
might  have  been  regarded  as  certain  to  overtop  the  dam.  As  the  dam 
was  expected  to  occupy  two  years  or  more  in  construction,  the  engi- 
neer accepted  a  chance,  of  at  least  one  in  ten,  of  its  destruction  Avhile 
in  process  of  liuilding.  It  is  true,  he  hojied  that  siich  another  rainfall  as 
that  of  May,  1876,  would  not  occur  until  after  the  completion  of  the 
dam,  but,  as  matters  fell  out,  it  did  occur.  Natural  agencies  worked 
withoiit  any  regard  to  the  engineer's  wishes.  Many  dams  of  this  con- 
struction might  have  been  undertaken  under  chances  equally  or  more 
adverse,  and  brought  to  successfiil  completion.  In  this  case,  the  fatal 
event  happened,  and  the  dam  failed.  This  occurrence  does  not 
invalidate  the  j^rinciple  of  the  rock-fill  dam.  It  only  shows  the  neces- 
sity of  guarding  against  the  danger  to  which  the  loss  of  this  dam  is 
due. 

There  are  two  general  methods  of  making  such  a  dam  safe  while  in 
process    of    construction:  (1)    To   construct   the   efflux   passage   with 
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Mr.  Frizell.  dimensions  suflScient  to  take  oft'  the  whole  flow  of  the  stream  in  the 
highest  stage,  under  the  head  that  can  be  obtained  by  such  a  lo^Y  dam 
as  can  be  biiilt  above  the  main  dam;  and  (2)  construct  the  rock-fill 
dam  so  that  it  will  admit  of  overflow  at  any  stage  of  its  construction. 

In  this  case,  the  first  method  would  be  inordinately  expensive,  and 
the  object  would  be  very  likely  to  be  defeated  by  drift-wood  brought 
down  by  the  first  great  flood. 

The  writer  has  long  been  of  the  opinion  that  it  would  conduce 
much  to  the  success  of  the  second  method,  as  well  as  to  the  general 
stability  and  safety  of  the  rock-fill  dam,  to  fill  the  interstices  of  the 
latter  with  gravel  or  earth.  The  work  might  be  executed  in  layers 
of  18  to  24  ins.  in  depth,  and,  after  the  comijletion  of  a  layer  of  stone, 
earth  might  be  sluiced  in,  or  deposited,  under  the  action  of  water, 
until  the  latter  would  stand  upon  the  mass.  The  construction  indi- 
cated by  Fig.  12  is  submitted  as  a  method,  though  very  possibly  not 
the  best,  of  constructing  the  dam  so  as  to  admit  of  overflow  at  any 
stage  of  its  progress.  This  contemplates  a  massive  crib  of  squared 
or  flatted  timber,  notched,  fastened  together  with  screw-  and  drift- 
bolts,  loaded  with  stone,  and  decked  with  thick  planking.  This  is 
represented  in  Fig.  12  as  12  ft.  deep,  20  ft.  up  and  down  stream,  and 
extending  across  the  canon,  which  is  some  30  ft.  wide  at  the  level  of 
the  deck.  On  the  up-stream  side  of  this  crib  the  stone,  or  stone  and 
gravel,  filling  is  commenced.  As  this  proceeds,  the  rods,  r,  r,  r,  are 
inserted,  anchored  to  the  wooden  blocks,  a,  a,  a,  at  the  bottom,  and 
adjusted  to  receive  the  sleepers,  b,  b,  b,  which  are  embedded  in  the 
rock  filling,  and  solidly  confined  by  nuts  and  washers.  To  these 
sleepers,  a  layer  of  3-in.  plank  is  spiked,  not  necessarily  in  con- 
tact, but  leaving  intervals  of  2,  3  or  4  ins.  In  carrying  forward  this 
work,  the  aim  should  be  to  keep  the  uppermost  sleeper  some  6  ft. 
higher  than  the  general  level  of  the  dam;  at  least,  this  should  be  the 
condition  when  the  water  comes  to  the  existing  level  of  the  dam.  It  is 
obvious  that  such  an  event  could  not  occur  without  warning  and  time 
for  preparation. 

Suppose,  in  the  case  under  consideration,  that  the  work  is  up  tO' 
where  the  valley  is  150  ft.  wide.  Assume  that  the  maximum  flood 
seeking  egress  is  3  000  cu.  ft.  per  second;  20  cu.  ft.  per  second  per 
foot  of  length  of  the  overflow,  involving  a  dej^th  on  the  crest  of  some- 
what more  than  3  ft.  The  water  is  then  some  9  ft.  in  depth  on  the 
unprotected  filling,  and  moves  across  it  with  the  very  moderate 
velocity  of  a  little  more  than  2  ft.  per  second,  a  velocity  incajjable  of 
dislodging  the  smallest  stone.  The  sketch,  Fig.  12,  it  will  be  noticed, 
contemplates  the  laying  up  of  the  stones  under  the  uppermost  sleeper 
in  an  orderly  manner  in  preparation  for  an  overflow.  By  turning  up 
the  nuts  at  the  heads  of  the  rods,  a  pressure  can  be  brought  upon  these 
stones,  rendering  them  immovable. 
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It  will  be  obvious  that  the  danger  of  overflow  diminishes  rapidly  Mr.  Frizeli. 
as  the  dam  rises,  but  is  much  greater  in  the  early  part  of  the  work 
than  later  on,  for  these  reasons:  (1)  Because,  in  the  latter  case,  the 
flood  is  more  largely  expended  in  filling  the  reservoir;  (2)  because  the 
discharge  through  the  efflux  passage  is  greater,  owing  to  the  increased 
head. 

This  mode  of  protection,  applied  to  the  case  under  consideration, 
would  have  involved  something  like  1  000  000  ft.  of  lumber,  of  an 
inferior  grade,  and  not  more  than  4ii0  000  lbs.  of  iron. 

The  paper  is  somewhat  incomplete  as  regards  the  efflux  arrange- 
ments. Under  so  great  a  head,  and  with  so  large  a  volume  of  water,  a 
more  detailed  description  of  this  feature  is  desirable.  The  inquiring 
reader  might  at  least  desire  to  understand  the  necessity  for  providing 
three  efflux  passages  at  diS'erent  depths.  Does  this  disposition  rest 
upon  any  substantial  reason,  or  upon  a  mere  tradition  of  the  engineer- 
ing profession? 


Fig.  12. 

Neither  the  statical  principles  of  the  stability  of  walls  nor  of  arches 
can  be  given  full  effect  in  the  discussion  of  this  structure,  though  the 
latter  apply  much  more  fully  than  the  former.  It  is  customary  to 
say,  in  objection  to  the  arched  form  of  dam,  that  a  ring  of  the  arch 
cannot  transmit  to  the  abutment  the  pressure  sustained  by  it  without 
breaking  its  connection  with  the  ring  below,  and  that  the  dam,  as  a 
whole,  cannot  transmit  its  pressure  without  breaking  its  connection 
with  the  bottom.  This  proposition  should  be  more  carefully  con- 
sidered. 

Regard  the  dam,  with  Mr.  Woodard,  as  made  up  of  a  series  of 
rings.  Consider  the  action  on  the  upper  ring,  assumed  to  be  level 
with  the  water  at  the  top.  It  is  only  in  virtue  of  some  slight  deforma- 
tion of  the  ring  that  its  pressure  can  be  transmitted  to  the  abutments, 
and  this  deformation,  it  will  be  said,  is  resisted  by  the  ring  below, 
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Mr.  Frizeil.  through  friction  and  the  tensile  or  shearing  strength  of  the  mortar. 
Remember,  however,  that  no  part  of  the  bottom  or  sides  of  the  canon 
is  entirely  unsusceptible  of  deformation.  Now  consider  the  second 
ring.  This  sustains  a  greater  pressure  than  the  one  above  it,  and  its 
tendency  to  deformation  operates  to  transmit  the  pressure  on  the 
upper  ring  more  fully  to  its  abutment.  The  pressure  on  the  third 
ring  has  the  same  tendency,  and  so  downward.  The  deformation  of 
each  ring  is  aided  by  its  connection  with  the  ring  above,  and  resisted 
by  its  connection  with  the  ring  below,  and  it  takes  deformation  approx- 
imately, but  not  fully,  equal  to  that  due  to  the  water  jiressure  acting 
directly  on  it.  The  direct  pressure  on  the  ring,  not  transmitted  to 
the  abutment,  is  transmitted  to  the  bottom  and  sides  of  the  caiion, 
through  friction  and  the  tensile  and  shearing  strength  of  the  mortar. 
It  results  in  a  deformation  of  the  material  different  from  any  that 
occurs  in  the  straight  dam  or  the  vertical  arch:  a  deformation,  namely, 
in  which  the  upper  face  of  any  block  tends  to  move  with  reference  to 
the  lower  face. 

The  computation  of  the  stability  of  a  straight  dam  of  the  given 
cross-section,  and  in  the  given  situation,  withoiit  considering  any  forces 
other  than  the  weight  of  masonry  and  pressure  of  water,  is  merely 
a  conventional  and  academic  exercise.  Not  that  such  a  computation 
would  lead  to  an  unsafe  section,  but  that  it  ignores  forces  larger  than 
those  of  which  it  takes  account.  Apply  such  a  comjDutation,  for  in- 
stance, to  the  part,  about  80  ft.  wide,  that  rests  on  the  bottom  of  the 
canon  and  sustains  the  entire  head  of  water.  This  part  cannot  be  over- 
turned without  breaking  its  connection  with  the  remainder  of  the  dam. 
There  is  found  a  pressure  of  some  45  000  000  lbs.  tending  to  overturn 
this  portion.  If  the  shearing  strength  of  the  masonry  is  estimated  at 
100  lbs.  per  square  inch  (say,  for  convenience  of  computation,  1  500 
lbs.  per  square  foot),  the  average  thickness  of  the  masonry  being 
something  like  100  ft.,  it  is  found  that  there  is  a  force  of  some  220  X 
110  X  15  000  X  2  =  726  000  000  lbs.  tending  to  resist  overturning. 
Or,  if  the  stability  of  the  entire  dam  be  considered  as  a  body,  it  cannot 
be  overturned  without  breaking  its  connection  with  the  canon  along 
the  entire  perimeter  of  the  latter.  In  fact,  it  cannot  then  be  over- 
turned without  breaking  and  crumbling  into  many  pieces.  In  this 
•case,  the  force  tending  to  push  the  dam  down  stream  is  something 
like  400  000  000  lbs.  The  shearing  strength  resisting  this  movement 
is  something  like  1  260  000  000  lbs.  Certainly,  if  computation  shows 
a  margin  of  safety  in  disregard  of  these  enormous  forces,  the  dam 
ought  to  be  safe. 

To  give  an  arched  form  to  a  dam  involves  much  additional  expense 
and  labor,  and  it  would  seem  that  this  expense  and  labor  ought  to  be 
attended  with  a  diminution  of  material.  Of  course,  the  engineer's 
aim  is  to  secure  safety  beyond  the  possibility  of  a  doubt,  but  to  go 
beyond  this  point  involves  a  waste   of  material.     Where  dimensions 
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are  adopted  wliich  make  tlie  structure  abundantly  safe,  regarded  as  a  Mr.  Krizell. 
straight  dam,  it  seems  to  be  unnecessary  to  give  it  a  curved  form. 

The  furnishing  of  the  cement  by  the  owners,  instead  of  requiring 
the  contractor  to  furnish  it,  was  a  highly  commendable  feature  of  this 
work.  No  stipulations  of  a  contract  are  more  easy  to  evade  and  more 
difficult  to  enforce  than  those  w  hich  relate  to  the  mixing  and  the  use 
of  mortar.  Where  the  contractor  furnishes  the  cement  he  is  under 
constant  inducement  to  withhold  it  from  the  work.  Though  he  may, 
ostentatiously  aud  loudly,  enjoin  upon  his  men  full  compliance  with 
the  terms  of  the  contract,  they  readily  discern  his  real  wishes,  and 
comply  with  them.  There  is  no  security  for  the  proper  use  of  mortar, 
unless  the  use  is  made  to  coincide  with  the  contractor's  interest. 

BuRK  Bassell,    M.    Am.    Soc.   C.  E.  (by    letter). — The  writer  has  Mr.  BasseU. 
read  this  paper  with  pleasure,  and,  while  he  does  not  wish  to  make  a 
technical  discussion  of  the  paper,  his  interest  in  the  construction  of 
dams  in  general,  and  his  familiarity  with  difierent  types  and  profiles 
of  dams,  leads  to  a  few  remarks. 

In  Fig.  11,  Mr.  Woodard  has  shown  comparative  sections  of  eight 
dams,  including  the  Lake  Cheesman  Dam.  The  writer  regrets  that 
the  Lake  Hemet  Dam,  California,  was  not  selected  instead  of  the 
smaller  Sweetwater  Dam,  for  two  reasons:  In  the  first  place,  the  pro- 
file across  the  canon  at  the  Hemet  Dam  site  does  not  differ  materially 
from  that  of  the  Cheesman  Dam  site,  after  eliminating  the  lower  30  ft. 
of  tlie  latter,  or,  in  other  words,  they  are  practically  the  same  between 
Elevations  -f  20  and  +  170.  Again,  the  Hemet  Dam  is  about  the 
same  height  as  the  Ban  Dam,  in  France,  designed  to  be  165.5  ft.  above 
the  lowest  foundation,  or  152.5  ft.  above  the  creek  bed. 

The  base  elevation  of  the  latter  corresponds  to  Elevation  +  70  of 
the  Cheesman  Dam,  at  which  point  they  are  within  0.51  ft.  of  the 
same  thickness.  The  Hemet  Dam  has  a  very  simple  profile  or  section, 
having  a  straight  batter  of  1  in  10  on  the  up-stream  face  and  1  in  2, 
or  5  in  10,  on  the  down-stream  face.  Plotting  this  profile  on  Fig.  11, 
and  producing  the  face  line  downward  for  deeper  foundations,  or  to 
correspond  to  a  dam  of  the  same  height  as  the  Cheesman  Dam,  the 
following  points  may  be  noted  by  way  of  comparison:  The  Hemet  and 
Cheesman  Dams  are  of  practically  the  same  thickness  at  Elevations 
-f  70  and  -f  207  (Cheesman)  or  Elevations  0  and  +  137  (Hemet),  being 
100  ft.  and  18  ft.,  respectively. 

The  Cheesman  Dam  is  176  ft.  thick  at  its  foundation  base,  while 
the  Hemet  Dam  section  would  give  148  ft.,  or  28  ft.  less.  This  means 
that  in  the  lower  80  ft.  of  the  Cheesman  Dam  there  is  a  sectional  area 
of  1  120  sq.  ft.  in  excess  of  the  Hemet  section.  On  the  other  hand, 
in  the  upper  150  ft.  of  the  Cheesman  Dam,  corresponding  to  the  Hemet 
Dam,  the  latter  has  an  excess  of  almost  identically  the  same  sectional 
area.  For  straight  gravity  dams,  this  simple  section  is  certainly  safe, 
and  for  dams  curved  in  plan  it  is  not  much  in  excess  of  an  ideal  section. 
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Mr.  Bassell.  In  the  discussion  of  curved  dams,  where  arcli  notion  may  he  hrought 
into  effect,  the  hold  structure  of  the  Bear  Valley  Dam,  Califoruia,  is 
always  cited.  As  a  matter  of  record,  the  writer  will  here  state  that  he 
pointed  out  the  secret  of  its  stability,  ten  years  ago,  in  the  columns  of 
Engineei'ing  News.  This  dam  was  built  under  hydrostatic  pressure, 
insuring  a  perfect  arch.  This  method  of  construction  might  be  used 
to  advantage  again,  but,  certainly,  never  so  bold  a  section. 

The  writer  appreciates  the  importance  of  careful  computations  to 
obtain  both  safe  and  economical  sections  for  a  dam,  especially  if  the 
dam  is  high  or  has  a  long  crest.  He  also  realizes  fully  the  importance 
of  sufficient  base  width  and  bed-rock  anchorage;  however,  he  is  in- 
clined to  favor  simplicity  in  design,  and  would  not  build  too  close  to 
theoretical  lines  in  the  upper  portion  of  a  dam,  for  fear  of  seismic 
disturbances  and  for  other  reasons.  Furthermore,  there  seems  to  be 
less  reason  for  extending  the  thickness  of  that  portion  of  the  dam 
which  is  below  the  surface  of  the  ground  beyond  the  limits  of  the 
simjile  section  suggested  than  for  decreasing  it  above. 

What  the  writer  wishes  to  point  out,  and  have  fixed  in  the  minds  of 
the  younger  members,  is  the  simple  section  here  presented  which 
agrees  so  well  with  approved  profiles  for  masonry  dams,  and  is  repre- 
sented in  actual  practice  by  the  Lake  Hemet  Dam,  California.  He 
would  recommend,  for  the  lower  half  of  a  masonry  dam  of  any  height, 
a  thickness  of  six-tenths  of  the  depth  from  the  top,  plus  the  crown 
width. 
Mr.  Maltby.  p.  B.  Maltby,  M.  Am.  Soc.  C.  E.  (by  letter).— The  writer  has  been 
greatly  interested  in  the  description  of  this  work,  as  he  is  quite  inti- 
mately acquainted  with  the  locality.  In  May  and  June,  1897,  he  was 
employed,  under  H.  M.  Chittenden,  M.  Am.  Soc.  C.  E.,  Captain,  Corps 
of  Engineers,  U.  S.  Army,  in  making  some  surveys  and  examinations 
of  reservoir  sites  in  Colorado  and  Wyoming  for  the  War  Dejjartment. 
He  also  assisted  Captain  Chittenden  in  the  study  of  the  develop- 
ment of  the  various  projects  and  in  making  plans  for  the  projjosed 
dams.  Among  others,  the  reservoir  site  now  known  as  theCheesman 
Reservoir  was  carefully  surveyed,  and  plans  for  the  dam  prepared. 
The  report  of  these  surveys,  with  maps  and  plans  of  the  proposed 
structure,  was  published  as  House  Document  ^o.  141,  55th  Congress, 
2d  Session;  and  also  in  the  Annual  Report  of  the  Chief  of  Engineers, 
U.  S.  Army,  for  1898,  p.  2815  et  seq. 

The  contour  map.  Fig.  2,  is  so  similar  to  the  one  printed  in  the 
foregoing  report,  almost  every  indention  or  projecting  point  in  the 
contours  being  identical  in  each,  that  the  writer  wonders  if  one  is  not 
a  reduction  from  the  other. 

A  masonry  dam  was  proposed  at  identically  the  same  point  and  of 
the  same  height.  The  curve  of  capacity,  given  in  the  foregoing  re- 
port, is  identical  with  that  given  in  Fig.  3.  In  making  studies  for 
the  proposed  dam  at  this  site,  the  writer  made,  for  Captain  Chitten- 
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den,  some  ninety-five  comparative  cross-sections  of  the  high  dams  of  Mr.  Maltby. 
tlie  world. 

A  rock-fill  dam  with  a  steel  core,  similar  to  the  Otay  Dam,  in  Cali- 
fornia, was  considered,  bnt  it  was  thought  that  the  vast  interests  of 
both  life  and  property  which  would  be  endangered  by  the  failure  of 
a  dam  of  such  magnitude  as  proposed  at  this  point  ijrohibited  the 
building  of  any  structure  which  contained  an  element  of  danger.  For 
this  reason,  a  masonry  dam  was  proposed.  It  was  to  be  200  ft.  in 
height  above  original  low  water,  or  with  a  total  height  of  about  220 
ft.  It  was  proposed  to  build  it  on  a  curve,  in  plan,  having  a  radius 
of  300  ft.  It  is  noted  that  the  dam,  as  described  and  built,  has  a 
curve  with  a  radius  of  about  400  ft.  It  was  also  proposed  to  make 
the  spillway  over  a  natural  saddle  of  rock,  as  described.  The  section 
proposed  was  very  similar  to  the  one  built,  having  a  width  of  20  ft. 
on  top  and  175  ft.  on  the  bottom,  as  compared  with  18  and  176  ft.  as 
built. 

It  is  a  source  of  gratification  to  the  writer  to  know  that  jdans  for 
this  structure,  as  given  in  the  above-mentioned  report,  agree  so  closely 
with  the  plans  of  the  structure  as  finally  designed  and  built  by  such 
eminent  men  in  their  profession  as  were  employed  as  Chief  and  Con- 
sulting Engineers. 

E.  Sherman  Gotxld,  M.  Am.  Soc.  C.  E. — This  jjaper,  taken  in  con-  Mr.  Gould, 
nection  with  recently  published  descriptions  of  similar  striacttires  in 
Australia  and  California,  is  of  great  value  at  the  present  time.  It 
seems  likely  that  the  high  masonry  dam  of  the  future  will  be  of  the 
arch  type,  receiving,  sustaining,  and  transmitting  to  abutments  the 
stresses  acting  upon  it,  rather  than  opposing  them  by  its  mere  dead 
weight,  or  the  moment  of  its  dead  weight.  In  this,  the  art  and  science 
of  dam  building  is  but  following  the  universal  drift  of  all  branches 
of  construction,  in  reducing  the  amount  of  material  used  by  a  more 
intelligent  distribution  of  it.  This  is  accomplished,  generally,  by 
analyzing  the  stresses  acting  upon  the  structixre,  and  framing  it  of 
pieces  the  axes  of  which  coincide  with  the  lines  of  stress.  Also,  in 
the  choice  of  the  material  used;  the  growing  substitution  of  light 
forms  of  reinforced  concrete  for  massive  rubble  being  a  step  in  this 
direction. 

The  structure  described  in  the  paper  is  peculiar  in  that  the  arch 
form  seems  to  have  been  adopted  more  with  a  view  to  fit  the  work  to 
the  ground  than  for  any  other  motive.  Seeing  that  the  dam,  if 
started  straight  from  one  end,  must  be  defiected  in  order  to  reach 
proper  grounti  at  the  other,  it  was  preferred  to  meet  this  necessity  by 
a  curved  line  rather  than  a  broken  one,  in  order  to  secure  whatever 
additional  strength  the  arch  form  might  give  it.  If  it  had  not  been 
for  the  peculiar  topography  of  the  site,  it  appears  that  a  straight 
dam,  with  what  for  convenience  is  termed  a  "  gravity  section,"  would 
have   been   adopted,  and,  indeed,  such  a   section   was    adopted   and 
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Mr.  Gould,  counted  on  to  siistain  the  pressure,  the  arcli  being  considered  only 
as  incidental  and  merely  affording  whatever  additional  strength  might 
reside  in  it. 

Now,  the  speaker  considers  that  this  combination  is  radically 
faulty;  that  the  two  systems,  arch  and  gravity,  do  not  aid  but  rather 
conflict  with  each  other,  and  that  a  section  which  is  right  for  one  is 
wrong  for  the  other.  He  does  not  wish  to  be  understood  as  saying 
that  if  an  arch  dam,  Avith  its  lighter  section,  were  sprung  across  a 
valley,  its  stability  would  not  be  increased  by  adding  to  its  base  a 
further  mass,  such  as  would  be  required  to  give  it  the  form  of  a 
gravity  section;  what,  he  does  wish  to  say  is,  that  if  such  additional 
material  were  put  into  the  work,  it  could  be  more  advantageously 
jslaced  elsewhere.  Furthermore,  he  would  wish  it  to  be  understood 
that  in  all  that  he  has  said,  and  is  about  to  say,  be  refers  to  those 
cases  where  the  curve  is  so  pronounced  as  to  form  a  veritable  arch, 
and  not  a  mere  camber. 

When  a  dam  with  a  gravity  section  is  built  on  a  curve,  its  strength 
to  resist  crushing  or  overturning  as  a  gravity  dam  is  impaired, 
although  the  deficit  is  more  than  compensated  by  the  setting  up  of 
the  arch  action.  Therefore,  it  cannot  be  considered  as  possessing  all 
its  gravity  strength  with  all  its  arch  strength  sujier-added.  The  total 
hydrostatic  pressure  against  it  is  increased  in  the  ratio  that  the  arc  of 
the  curve  is  greater  than  its  chord,  while  the  resisting  area  at  the  toe 
is  reduced,  measurably,  in  the  same  i^roportion. 


Fig.  13. 


Fig.  14. 


These  conditions  may  be  seen  by  reference  to  Figs.  13  and  14, 
which  show  two  ideal  though  quite  possible  plans,  Fig.  13  being  that 
of  a  straight  dam  and  Fig  14  that  of  a  curved  one,  both  having  the 
same  span.  The  total  pressure  upon  the  curved  back  is,  in  this  case, 
six-fifths  of  that  on  the  straight  back.  If  Fig.  14  is  developed,  it 
gives  Fig.  15,  which  shows  that  the 
resisting  area  of  the  dam  is  dimin- 
ished by  the  gores  left  vacant  by 
the  development. 

But  when  the  arch  form  is 
frankly  invoked,  as  in  the  present 
case,  why  should  the  gravity 
feature  be  retained  in  the  problem? 


Fig.  15. 
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The  forces  with  which  the  dam  contends  are :  sliding  forward  on  its  base ;  Mr.  Gould, 
overturning  aroiind  the  outer  edge;  and,  in  the  case  of  very  high  dams, 
the  crushing  of  the  material  when  the  dam  is  sustaining  a  full  head  of 
water.  If  the  dam  is  straight,  and  is  cut  into  imaginary  slices,  say,  1 
ft.  thick,  all  of  these  phenomena  may  be  produced  ui^on  a  given  slice 
without  disturbing  the  adjacent  ones.  In  a  curved  dam  this  could 
not  take  jilace  without  setting  up  violent  lateral  reactions  because  the 
imaginary  slices,  having  their  axes  in  the  same  lines,  as  the  pressures 
are  no  longer  parallelogramatic,  but  wedge-shaped,  and  cannot  be 
thrust  forward  or  made  to  rotate  without  pushing  aside  or  crushing 
the  adjacent  ones.  It  seems  to  the  sjaeaker,  therefore,  that  a  gravity 
section  implies  a  faulty  design  when  applied  to  an  arched  dam,  because 
it  pro\'ide3  for  a  class  of  stresses  to  which  the  structui'e  cannot  be 
subjected. 

In  the  speaker's  opinion,  the  calculation  for  this  dam  should  have 
been  made  wholly  upon  the  arch  proposition.  Mr.  Woodard  states 
that  this  calculation  was  made,  but  does  not  give  the  method  used  nor 
the  results,  which  fact  must  be  taken  as  a  proof  that  he  considered 
them  satisfactory. 

The  speaker  is  not  aware  what  method  of  calculation  has  generally 
been  used  for  arched  dams,  considered  simply  as  such.  In  some  re- 
spects it  would  seem  that  the  calculation  must  be  simpler  than  for 
an  ordinary  arch  sustaining  a  vertically  acting  load.  The  weight  of 
the  dam  itself  is  not  borne  by  the  arch,  and  the  pressure  that  it  does 
sustain  is  uniform  per  unit  length  of  surface,  and  is  directed  at  all 
points  toward  the  center  of  the  curve.  The  line  of  pressvire,  there- 
fore, as  Mr.  Woodard  states,  must  correspond  with  the  curve.  What 
is  wanted  is  the  horizontal  compressive  stress  per  unit  of  section. 
Navier's  formula  aiajaears  to  be  peculiarly  adapted  to  this  calculation, 
because  it  is  based  precisely  upon  the  hypothesis  of  fluid  pressure, 
and  is  only  applied  to  other  cases  by  a  more  or  less  permissible  exten- 
sion.    Navier's  formula,  as  is  well  known,  is  as  follows: 

Q  =  PR' (1) 

In  this  formula,  referring  to  Fig.  16,  Q  —  the    compressive  stress 
upon    any    horizontal     strip,     of 
length,  X,  and  unit  width,  the  unit 
in  this  case  being  1  ft.,  situated 
at  the  depth,  h,  below  the  surface 
of  the  water  which  is  assumed  to 
be  level  with  the  top  of  the  dam. 
P  =  the  horizontal  pressure  at  the 
depth,   J/,  upon   the   unit   surface 
(1  sq.  ft.),  and  R'  =  the  radius  of 
the  curve  of  the  intrados  of  the   ^ 
arch.     In  this  case  i?' =  jB — x;  R         - 
being  the  radius  of  the   crest  of 
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Mr.  Gould,  the  dam.    B,  of  course,  is  constant,  while  11'  varies  with  the  value 
of  X. 

The  pressure  upon  the  unit  of  surface,  that  is,  ujion  1  sq.  ft.,  due 
to  the  head,  h,  is  62.50  h.     The  formula  then  becomes: 

Q  =  62.50  h{R  —  x) (2) 

To  find  the  proper  value  for  x  at  any  given  depth,  h,  below  the  top 
of  the  dam,  a  value  for  Q,  based  upon  the  permissible  unit  stress, 
must  be  assumed.  The  value  of  ^  would  then  be  this  stress  multiplied 
by  X,  since  x,  being  of  unit  width,  is  the  section  which  must  resist  the 
pressure.     Designating  this  limiting  stress  by  L,  we  have: 

Lx  =  62.50  A  {R  —  x); 
whence 

_    62.50  h  R 
^~i+62.50/i ^'^^ 

This  is  the  general  expression  for  the  value  of  x  at  any  given  depth, 
h,  when  the  radius,  R,  and  the  limiting  stress,  L,  are  given. 

It  is  evident  that  a  high  value  may  be  assigned  to  L,  because  the 
pressure,  particularly  near  the  base  of  the  dam,  is  exercised,  not  upon 
imaginary  isolated  strips,  as  has  of  necessity  been  assumed  in  the 
formula,  but  uiDon  strips  embedded  in  a  mass  of  masonry.  Z  =  30  OUO 
lbs.  would  be  a  conservative  value,  under  the  circumstances.  In  the 
Lake  Cheesman  Dam,  R  ^=  400  ft.  Inserting  these  values  in  Equation 
3  and  reducing,  gives: 

400  h 
■^=^480^fT (^) 

This  is  the  working  formula  adapted  to  the  present  particular 
case,  and  by  its  aid  a  series  of  values  of  x  can  be  calculated,  as  in 
Table  4. 

TABLE  4. 


Elevation. 

h 

X 

Actual  length. 

0 

220 

125.70 

166.53 

50 

170 

104.60 

119.36 

100 

120 

80.00 

72.66 

150 

70 

51.00 

37.00 

800 

20 

16.00 

18.00 

The  profile  thus  determined  is  shown  in  Fig.  17,  upon  which  the 
actual  profile  of  the  Lake  Cheesman  Dam  is  also  shown,  approxi- 
mately, in  dotted  lines. 

Now,  whether  or  not  the  value  of  L  is  rightly  chosen,  whether 
the  resulting  profile,  as  shown  in  Fig.  17,  is  too  bold  or  not  bold 
enough,  the  fact  which  the  speaker  is  seeking  to  establish  is  that, 
at   least    in    his    opinion,  the   proper   jjrofile  for  an   arched    dam  is 
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Fig.  17. 


of  the  general  shape  shown  in 
Fig.  17,  rather  than  the  one  ac- 
tually nsed,  and  it  is  upon  this 
point,  for  his  own  enlighten- 
ment, that  he  would  be  glad  to 
know  the  opinions  of  others. 

Also,  he  would  suggest  the 
following  questions  as  needing 
further  elucidation: 

Can  the  thrust  of  the  water  in 
the  arch  dam  be  considered  as 
being  transferred  totally  to  the 
sides  of  the  valley,  and,  if  so,  is 
it  necessary  to  consider  the  ver- 
tical pressure  upon  the  base  of 
the  dam  as  anything  more  than 
that  due  to  the  weight  of  the 
dam  itself,  when  the  reservoir  is 
emjjty?  The  extreme  thinness  of  some  existing,  high,  arched  dams 
would  seem  to  indicate  that  it  is  not. 

It  would  require  much  more  time  than  is  now  at  command  to  fol- 
low and  verify  the  skilful,  but  intricate  calculations  and  assumptions 
developed  by  Mr.  Woodard.  The  results  shown  in  Fig.  10  are  sur- 
prising in  that  they  exhibit  so  slight  a  difference  between  the  lines 
of  pressure  for  a  full  reservoir,  with  and  without  the  aid  of  the  arch. 
They  seem  to  indicate  that  the  very  pronounced  arch  form  added 
practically  nothing  to  the  strength  of  the  dam. 

Against  the  heavy  profile  of  the  Lake  Cheesman  Dam  there  must 
be  set  off  the  many  very  light  arch  dams  already  built  and  standing 
intact.  Apparently,  there  is  discord  between  theory  and  practice  in 
regard  to  structures  of  this  class.  If  calculation  shows  that  these 
dams  are  too  frail  to  sustain  the  forces  acting  upon  them  and  they 
yet  persist  in  standing  up,  then  it  would  certainly  seem  that  there  is 
something  wrong  with  the  theory  upon  which  the  calculation  is 
based. 

One  fact  it  is  well  to  bear  in  mind,  as  explaining  the  frequent  dis- 
agreement between  fact  and  theory,  in  the  case  of  retaining  walls  in 
general,  and  of  dams  in  particular,  and  that  is  the  enormous  differ- 
ence between  the  assumed  data  and  the  actual  conditions,  resulting 
in  a  great  but  neglected  factor  of  safety.  When  the  resistance  of  a 
gravity  dam  is  calculated,  a  slice  1  ft.  thick  is  taken  at  the  point 
where  the  dam  is  the  highest,  and  is  considered  as  standing  alone, 
without  any  lateral  support,  and  depending  for  its  stability  wholly 
upon  the  moment  of  its  mass. 

Then  (neglecting  besides  the  adhesion  of  the  mortar),  this  slice  is 


Mr.  Gould. 
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Mr.  Gould,  considered  as  representing  the  entire  dam.  If  the  dam  were  of  equal 
height  throughout  and  of  indefinite  length,  and  if  it  fell,  if  it  did  fall, 
in  one  body,  as  a  door  turns  u^ion  its  hinges,  this  would  be  a  correct 
assumi)tion.  But  no  dam  was  ever  overturned  in  this  way,  nor  could 
it  be.  There  is  no  continuous  edge  about  which  it  could  rotate  bod- 
ily. The  valley  across  which  it  is  thrown  is  more  or  less  V-shaped, 
and  the  whole  sti'ucture  could  not  be  made  to  rotate  about  the  com- 
jiaratively  small  fulcrum  which  the  topography  of  the  site  afforded. 
Every  foot  of  the  dam  would  have  a  different  jioint  about  which  it 
would  tend  to  rotate,  and  no  single  slice  or  section  could  rotate  with- 
out tearing  asunder  its  connection  with  the  adjacent  sections.  An 
enormous  jaroportion  of  the  overturning  force  would  be  absorbed  in 
the  shearing  effort  necessary  to  accomplish  this,  and  of  this  no  ac- 
count is  taken,  the  result  of  our  calculations,  therefore,  being  tre- 
mendously on  the  safe  side.  No  doubt  many  anomalous  conditions 
may  be  thus  accounted  for. 

Something  is  said  in  the  jDaper  about  strains  due  to  changes  of 
temperature.  It  appears  to  the  sjDeaker  that,  considering  the  great 
thickness  of  such  structures,  entirely  too  much  importance  is  at- 
tached to  this  feature.  The  effects  of  changes  of  temperature  cannot 
penetrate  beyond  a  very  few  feet,  leaving  the  temperature  of  the  mass 
practically  uniform  at  all  seasons  of  the  year. 
Mr.  Harrison.  E.  W.  Hakrison,  M.  Am.  Soc.  C.  E. — The  most  salient  feature 
which  strikes  the  speaker,  in  reading  this  most  admirable  description 
of  a  beautiful  piece  of  engineering  work,  is  the  illustration  it  gives  of, 
probably,  the  highest  type  of  engineering  skill  and  ability — the  art  of 
seizing  upon  natural  features  and  conditions,  and  utilizing  them  to 
the  best  and  most  economic  advantage  for  the  jjurpose  sought  to  be 
obtained. 

Secondly;  how  often  skilful  engineers  fail  to  grasp  these  oppor- 
timities,  and,  in  the  very  conception  of  a  plan,  go  wrong  and  produce 
results  far  below  the  jDossibilities  lying  open  to  their  brains  and  hands. 

To  use  an  illustration  familiar  to  all  engineers  who  have  studied, 
from  an  observation  car,  or  as  delineated  upon  a  topographical  map, 
a  railroad  located  in  a  difficult  country:  how  many  millions  of  dollars 
could  have  been  saved  in  construction,  maintenance  and  operation,  if 
the  locating  engineer  had  only  possessed  that  useful  sense  of  imagina- 
tion which  sees,  ahead  of  the  transit,  the  completed  grade  winding 
around  the  mountain  sides  and  crossing  the  siimmits,  and  makes  the 
configuration  of  the  earth  surface  assist  him  in  obtaining  the  location 
which  cannot  be  bettered. 

In  the  present  case  there  is  the  condition  of  very  small  rainfall, 
and,  what  there  is,  occurring  during  a  short  fraction  of  the  year.  This 
entails  large  storage,  and,  if  possible  to  obtain,  deej)  reservoirs  with 
little  surface  for  evaporation.     To  avoid  waste,  the  dam  and  reservoir 
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should  be  as  tight  as  skill  can  make  them,  as  evei'y  gallon  saved  from  Mr.  Harrison. 

leakage  and  evaporation,   prolongs  the  i)eriod  in  which  the  available 

supply  will  suffice  for  the  growing  demand,  and  increases  the  growth 

of  the  sinking  fund  which,  some  day,  will  be  required  to  extend  the 

sui^i^ly. 

The  contour  map  shows  the  selected  reservoir  site  to  be  perfect  to 
fulfill  these  conditions,  and  the  location  chosen  for  the  dam  is  ideal. 

The  speaker,  in  the  i)ast  ten  years,  has  had  occasion  to  make  many 
studies  of  the  toi^ography  in  ditierent  parts  of  the  country  for  the 
purpose  of  selecting  advantageous  and  economical  sites  for  storage 
reservoirs  and  dams,  and  cannot  remember  any  example  in  which  the 
combination  of  all  natural  features,  except  rainfall,  needed  for  a  water 
supply,  and  to  secui-e  large  storage  and  a  deep  reservoir  advantage- 
ously, were  so  combined  as  in  the  case  under  discussion. 

Yet,  after  selecting  a  narrow  gorge  with  solid  granite  sides  and 
floor,  where  Nature  had  provided  an  ample  and  excellently  located 
spillway,  with  quarries  of  the  very  best  material  near  by — in  fact,  a 
theoretically  perfect  location  for  a  masonry  dam  of  the  most  econom- 
ical proportions — all  these  advantages  were  nearly  thrown  away,  and 
work  was  actually  commenced  on  a  rock-filled  dam,  faced  Avith  a  sheet 
of  concrete  and  steel  plates. 

Fortunately,  for  the  enterprise,  the  flood  of  May,  1900,  destroyed 
the  work  on  this  structure,  and,  presumably  from  the  paper,  resulted 
in  bringing  into  the  project  new  engineering  talent,  which  saw  the 
opportunity  presented,  and  was  wise  enough  to  grasp  it. 

The  proper  character  of  the  Avork  being  adopted,  the  actual  carry- 
ing out  of  the  plans  presents  no  remarkable  features,  and  is  a  matter 
of  detail. 

The  section  for  the  dam  is  bold,  and,  considered  as  a  gravity  dam, 
is  only  just  on  the  line  outside  of  which  the  best  precedents  forbid  an 
engineer  to  go,  but  the  designer  seems  to  be  justified  in  his  confidence, 
not  only  by  the  fact  of  the  unexcelled  character  of  the  foundation  and 
abutment  rock,  but  also  by  having  the  security  of  the  arch  form  as  a 
final  resort. 

Compared  with  the  section  adopted  for  the  Boonton  Dam,  with 
which  the  speaker  is  connected,  the  section  of  the  highest  110  ft.,  of 
the  Boonton  Dam  has  an  area  of  3  836  sq.  ft.,  as  against  3  254  sq.  ft. 
in  the  upper  110  ft.  of  the  Lake  Cheesman  Dam. 

Under  any  but  exceptional  conditions  of  situation  and  other  ad- 
vantages, as  found  in  this  case,  the  speaker  would  feel  easier  with  the 
larger  section,  though  the  Boonton  Dam,  for  many  reasons — amono- 
others  the  resistance  to  ice  pressure — was  treated  in  a  very  conservative 
manner. 

From  the  information  given  in  the  jiaper,  the  speaker  is  of  the 
opinion  that  a  saving  in  cost  could  have  been  secured  by  using  the 
Cyclopean,  rubble-concrete  masonry  which  was  adopted  at  Boonton. 
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Mr.  Harrison.  Tlie  cement  estimated  as  needed,  80  000  bbls.  for  103  000  cu.  yds. 
of  masonry,  or  more  than  0.77  bbl.  per  cubic  yard,  exceeds  the  pro- 
portions actually  used  at  Boonton,  which  was  0.68  bbl.  per  cubic  yard 
for  more  than  200  000  cu.  yds.  of  masonry  of  all  classes.. 

The  weight  of  a  cubic  foot  of  masonry  in  the  Lake  Cheesman  Dam, 
is  given  at  158  lbs.,  which  in  itself  is  excellent,  but  the  average  weight 
in  the  Boonton  Dam — syenitic  granite,  in  concrete — is  166  lbs  per  cubic 
foot. 
Mr.  Horu.  Frank  C.  Hokn,  M.  Am.  Soc.  C.  E.  (by  letter). — The  sand  used  in 
the  construction  of  the  dam  was  washed  after  passing  through  a  screen 
made  of  parallel  bars  spaced  |  in.  apart.  The  grains  ranged  in  size 
from  the  largest  that  would  pass  through  the  screen  to  fine  sand. 
About  Si%  would  be  retained  on  a  No.  6  sieve  and  66%  would  pass 
through  it.  A  number  of  teats  were  made  to  determine  the  voids, 
which  were  found  to  be  about  31.5%  of  the  volume. 

The  mortar  used  in  pointing  was  mixed  in  the  proportions  of  2 
parts  of  screened  sand  to  1  part  of  cement.  The  mixing  was  done  in 
batches  of  5  cu.  ft.,  by  a  batch  mixer.  The  operation  of  mixing  the 
mortar  was  watched  by  an  attendant,  and  a  uniform  product  was 
always  secured.  The  mortar  boxes  were  each  of  10  cu.  ft.  capacity, 
and,  after  being  filled,  the  mortar  was  distributed  as  the  necessity  of 
the  work  demanded,  and  was  not  allowed  to  accumulate  on  the  wall. 
The  contents  of  each  mortar  box  were  used  within  about  30  minutes 
after  having  been  placed  for  the  masons.  Tests  were  made,  from  time 
to  time,  to  determine  the  tensile  strength  of  the  mortar.  The  results 
are  shown  in  Table  5. 

TABLE  5.  —  Tests  of  Strength  of  Mortar,  Lake  Cheesman  Dam. 


2  to  1  mortar. 

21^  to  1  mortar. 

Age  of 
briquette. 

Number 
broken. 

Average 
tensile  strength. 

Age  of 
briquette. 

Number 
broken. 

Average  ten- 
sile strength. 

7  days 
28     " 
6  months. 

75 
110 
45 

373  lbs. 

487    " 
562     " 

7  days 

28      " 

0  months 

1  year 

128 
185 
105 
64 

320  lbs. 
462    " 
527    " 
581    " 

The  mortar  for  making  tests  was  taken  from  the  mortar  boxes  on  the 
wall.  The  briquette  moulds  were  filled  in  the  usual  manner  and 
jjlaced  in  the  shade  under  a  damp  cloth  for  24  hours  after  which  they 
were  removed  from  the  moulds  and  placed  in  water,  where  they 
remained  until  the  date  of  breaking.  They  were  broken  immediately 
after  removal  from  the  water.  They  were  subjected,  as  nearly  as 
possible,  to  the  same  treatment  as  the  mortar  used  in  the  masonry. 
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The  stoues  in  tlie  up-stream  face  of  the  dam  average  30  cm.  ft.  in  Mr.  Horn, 
volume,  and  those  in  the  down-stream  face  about  27  cu.  ft.  Those 
used  as  backing  range  from  6  to  90  cu.  ft.  in  volume.  Each  stone  was 
set  in  a  full  bed  of  soft  mortar,  and  worked  down  to  an  even  and  firm 
bearing,  until  the  mortar  on  all  sides  was  forced  out  by  the  weight  of 
the  stone  and  the  action  due  to  working  it  with  the  bar.  All  remaining 
spaces  were  tilled  with  soft  mortar,  into  which  smaller  stones  were 
carefully  and  lirmly  placed,  care  being  taken  to  bed  in  mortar  each 
stone,  large  and  small,  and  not  allow  contact  one  with  another.  The 
bonding  of  the  stones  in  the  wall  was  given  particular  attention.  No 
leveling  of  the  wall  at  any  point  was  permitted,  except  for  setting  the 
up-st]>3am  face  stones,  but  a  thorough  bonding,  horizontally  and  ver- 
tically, was  secured.  Fig.  1,  Plate  V,  and  Fig.  1.  Plate  VII,  well  illus- 
trate the  character  of  the  work. 

The  percentages  of  stone  and  mortar  entering  into  the  completed 
masonry  are  about  72  and  28,  respectively. 

The  masonry,  up  to  this  time,  is  water-tight.  Water  has  stood  at 
Elevation  97.0  for  a  year,  and  no  leaks,  or  even  sweating,  are  discern- 
ible on  the  down-stream  face  of  the  dam. 

Plate  VIII  is  a  view  of  the  toiJ  of  the  dam,  taken  after  the  com- 
pletion of  the  jjarajDet  walls,  but  before  finishing  the  concrete  road- 
way. 

Charles  S.  Gowen,  M.  Am.  Soc.  C.  E.  (by  letter). — This  is  a  very  Mr.  Gowen. 
interesting  and  valuable  paper,  particularly  when  it  is  considered  that 
this  dam  is  designed  and  has  been  built  to  withstand  a  clear  static 
head  of  more  than  200  ft.,  and  that,  from  the  account  of  the  authors, 
there  was  no  sign  of  percolation  or  sweating  under  its  first  test  of 
more  than  100  ft.  of  static  head.  It  seems  to  the  writer  that  such  a 
result  is  remarkable,  and  it  is  evident  that,  in  the  material,  methods 
of  construction,  and  workmanship,  the  very  best  of  judgment  and 
skill  were  used.  It  would  be  of  great  interest  to  know  the  result  due 
to  the  increased  head  which,  no  doubt,  has  been  used  against  the  dam 
during  the  past  winter. 

It  is  evident  that  the  section  of  the  dam  described  in  the  paper, 
namely,  that  below  Elevation  100,  was  not  affected  by  temperature, 
and  that  there  were  no  shrinkage  or  temperature  cracks  of  account, 
in  the  masonry,  and,  if  the  writer  is  not  misinformed,  he  understands 
that  since  the  completion  of  the  structure  to  its  elevation  of  217  ft.  no 
shrinkage  or  temperature  cracks  have  develoijed  in  the  masonry, 
beyond  two  very  slight  ones  which  show  at  either  end  of  the  structure, 
leaving  a  clear  stretch  or  length  of  700  ft.  of  the  thinnest  section  of 
the  dam  in  which  no  cracks  are  found. 

To  judge  from  the  description  and  illustrations,  it  would  seem  that 
the  masonry  of  the  dam  was  carried  up  uniformly,  practically  without 
steps  or  racks,  excepting  such  as  are  described  as  having  been  used  to 
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Mr.  Gowen.  break  bond  in  the  masonry  horizontally.  In  view  of  the  presence  of 
shrinkage  or  temjjerature  cracks  in  the  narrow  sections  of  high  ma- 
soni'y  structures,  ordinarily,  and  of  the  annoyance  occasioned  by 
them,  it  may  be  well  to  consider  the  reasons  why  their  absence  has 
been  so  marked  in  this  structure. 

At  the  New  Croton  Dam,  the  masonry  of  which,  it  may  be  said,  can 
be  divided  into  three  parts,  the  first  comprising  the  main  dam,  proper, 
which  is  built  on  a  straight  line;  the  second  com])rising  the  curved 
portion  of  the  overfall,  which  ciirve  is  nearly  a  quadrant,  and  the  third 
comprising  the  remaining  portion  of  the  overfall,  which  is  built  in 
tangents  with  two  or  three  angles;  the  cracks  which  have  developed 
are  jaarticularly  noticeable  in  certain  portions  of  the  main  dam  and  the 
straight  portion  of  the  overfall.  These  cracks,  of  greater  or  less  size 
and  extent,  owing  to  certain  conditions,  are  confined  to  the  upper  or 
thinner  portions  of  the  sections  in  question,  but,  in  the  curved  portion 
of  the  overfall,  which  has  been  subjected  to  the  same  conditions  as 
have  obtained  in  the  straight  isortions  of  the  dam,  no  cracks  have 
been  found. 

While  temperature  or  shrinkage  cracks  are  likely  to  be  concen- 
trated at  i^articular  x^oints  in  case  the  masonry  is  not  carried  up  at 
uniform  elevations,  it  is  unqiiestionable  that,  with  uniform  areas  of 
section,  they  would  occur  at  intervals  more  or  less  regularly  in  any 
thin  masonry  structure  comj^actly  built  on  a  straight  line.  This,  the 
writer  thinks,  is  shown  clearly  enough  in  the  work  at  the  New  Croton 
Dam,  at  certain  points  where  the  methods  adopted  resulted  in  a  com- 
parative uniformity  of  lines  of  elevation  and  sections  of  masonry  as 
they  were  built.  At  other  points  it  is  evident,  from  the  size  and 
depths  of  the  cracks,  that  the  variations  of  sections,  and  longitudinal 
racking  had  a  great  deal  to  do  with  the  concentration  of  the  cracks. 
In  the  masonry  of  the  Lake  Cheesman  Dam,  however,  it  seems  to  be 
clear  that  its  curved  plan  and  the  uniformity  of  section  which  was 
presei'ved  throughout  its  construction  had  evidently  to  do  with  the 
remarkable  absence  of  temperature  cracks  which  has  been  noted,  and 
the  writer  thinks  it  may  be  said  that  these  results  constitute  a  pretty 
good  argument  in  favor  of  building  high  masonry  dams  on  curves,  if 
circumstances  are  such  as  to  allow  it  without  an  undue  increase  in 
expense. 

Another  point  of  interest  in  connection  with  this  dam  is  the  pro- 
vision made  for  waste  by  means  of  the  overfall,  the  length  of  which  is 
stated  to  be  300  ft.  Apparently,  this  overfloAv  will  pass  about  10  000 
cu.  ft.  per  second,  a  flow  approximately  five  times  as  great  as  the 
largest  observed  flow  of  the  river  in  thirty-two  years.  As  a  matter  of 
comparison,  the  overflow  of  the  New  Croton  Dam  is  1  000  ft.  long,  and 
the  probable  maximum  depth  of  flow  over  it  may  be  assumed  at  6  ft. 
Such  a  depth  would  give  a  flow  of  approximately  45  000  cu.  ft.  per- 
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second,  or  about  tliree  times  the  observed  maximum  flow  of  tlie  Mr.  Gowen. 
Crotou  Eiver  for  the  past  sixty  years.  If  it  be  assumed  that  the  pos- 
sible run-ofl"  from  the  Croton  Basin  above  the  New  Croton  Dam  is 
equivalent  to  a  rainfall  of  6  ins.  in  24  hours,  or  at  the  rate  of  ^  in.  per 
hour  over  the  whole  water-shed  of  300  sq.  miles,  the  run-off  would  be 
55  000  cu.  ft.  per  second,  which  is  equivalent  to  a  depth  of  about  7  ft. 
on  the  overflow. 

While  an  overflow  capacity  of  five  times  the  maximum  flow  of  the 
river,  as  obsei'ved  through  a  somewhat  extended  time,  may  be  consid- 
ered a  conservative  provision,  and  while,  of  course,  there  can  be  no 
comparison  properly  between  the  possible  run-offs  from  the  Lake 
Cheesman  water-shed  and  the  Croton  water-shed,  owing  to  the  great 
difference  in  areas  and  rainfalls,  the  comjiarison  between  the  provision 
made  in  either  case,  based  upon  observed  maximum  flows,  is  interest- 
ing, and  the  writer,  therefore,  calls  attention  to  it.  As  stated,  no 
comparison  can  be  made  as  regards  isossible  maximum  flow,  but,  if  it 
be  assumed  that  this  rate  of  run-off  is  in  inverse  proportion  to  the 
water- shed  areas,  then,  on  the  basis  of  the  6  ins.  in  24  hours,  assumed 
in  case  of  the  Croton,  6  divided  by  5  equals  1.2  ins.  From  the  Lake 
Cheesman  water- shed,  the  run -off,  based  upon  these  figures,  would  be 
approximately  63  000  cu.  ft.  per  second. 

Continuing  the  reductions  further,  and  in  proportion  to  the  respec- 
tive mean  yearly  rainfalls  of  the  two  basins,  48  ins.  for  the  Croton  and 
14  ins.  for  the  Platte,  then,  approximately,  the  possible  maximum  is 
18  000  cu.  ft.  per  second,  a  result  which,  if  considered  seriously,  is 
seemingly  out  of  proportion  to  the  length  of  overflow  provided. 

The  records  of  the  United  States  Geological  Survey  show  flood 
flows  of  certain  streams  in  Kansas  and  Colorado  which,  apparently, 
approximate  closely,  if  they  do  not  pass,  the  limit  of  10  000  cu.  ft. 
per  second  for  the  1  800  sq.  miles  of  the  Lake  Cheesman  water-shed. 
Accepting  such  records  as  reasonably  reliable,  it  would  seem  that 
greater  flows  might  be  expected  than  this  overflow  is  calculated  to 
jirovide  for. 

An  acquaintance  with  the  characteristics  of  this  particular  water- 
shed is  certainly  essential  in  order  to  justify  any  criticism  of  the  fea- 
ture in  question,  and  the  writer,  therefore,  is  not  disposed  to  under- 
take it;  but  if  the  information  on  which  the  dimensions  of  the  overflow 
were  based  can  be  supplied,  it  would  prove  a  very  acceptable  and  valu- 
able addition  to  this  paper. 

The  i^lans  made  for  regulating  the  outflow  from  the  reservoir  were 
formed,  it  is  evident,  in  connection  with  the  rock-fill  dam  design  and 
were  partly  completed  before  the  new  design  for  a  masonry  dam  had 
been  adopted.  The  tunnels,  it  is  assumed,  are  unlined,  excepting  at 
the  ^Joints  where  the  valves  are  installed,  and  the  question  arises  as  to 
the  need,   in  time,  of  additional  tunnel  lining,    and  it  is  certainly  a 
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Mr.  Gowen.  matter  of  great  interest  to  know  how  the  valves  in  question  are  work- 
ing under  the  pressures  that  must  obtain.  The  additicm  of  the  Tainter 
guard-valve  was  certainly  very  essential,  and  the  i>recautions  taken  to 
provide  the  man  way  tunnels  to  give  access  to  the  working  parts  of  the 
discharge  valves  at  all  times  were  certainly  prudent,  to  say  the  least. 
It  is  improbable,  of  course,  that  all  three,  or  that  two  out  of  three, 
valves  will  be  out  of  order  at  any  one  time,  and  the  contingency  is  re- 
mote that  the  control  of  the  flow  might  be  lost  in  consequence,  or  that 
in  such  case  the  depths  of  the  water  above  the  dam  woiild  be  beyond 
the  limit  of  a  diver's  work,  but  it  would  seem  to  the  writer  that  some 
l^rovision  should  have  been  made,  if  such  has  not  been  done,  by  which 
the  upper  entrances  at  the  60-ft.  and  110-ft.  levels  can  be  closed  upon 
emergency  and  clear  access  to  the  valves  thus  afiorded. 
Mr.  Wegmann,  Edwakd  Wegmann,  M.  Am.  Soc.  C.  E.— The  paper  shows  that  the 
Cheesman  Dam  has  been  well  designed  and  built.  It  will  be  the 
highest  structure  of  its  kind  until  the  New  Croton  Dam  shall  have 
been  completed.  The  jirofile  of  the  dam  was  determined  on  the  prin- 
ciple that  the  dam  was  to  resist  the  water  pressure  by  its  weight 
alone,  and  the  curving  of  the  jilan  of  the  wall  apjjears  to  have  been 
done  principally  to  obtain  an  economical  location,  as  is  shown  clearljr 
on  Plate  IV.  That  this  arching  adds  materially  to  the  strength  of 
the  structure  to  resist  overturning,  will  be  admitted  readily  by  most 
engineers. 

Two  dams  have  been  constructed,  which  owe  their  stability  solely 
to  the  fact  that  they  are  curved  in  plan,  so  as  to  act  as  horizontal 
arches,  viz.,  the  Zola  Dam,  in  France,  and  the  Bear  Valley  Dam,  in 
California.  The  first  of  these  dams  was  built  in  1843  for  supplying 
the  City  of  Aix  with  water.  It  has  a  maximum  height  of  about  120  ft. 
and  a  length  on  top  of  only  205  ft.  At  the  top  and  bottom  the  dam 
is,  respectively,  19  and  42  ft.  wide.  The  dam  is  curved  in  plan,  the 
radius  at  the  crown  being  158  ft.  When  the  reservoir  is  hill,  the  line 
of  pressure  at  the  base  falls  11.48  ft.  outside  of  the  structure,  which, 
therefore,  would  be  overturned,  if  it  were  not  curved  in  plan. 

The  Bear  Valley  Dam,  built  in  1884,  has  a  maximum  height  of 
64  ft.  It  is  3.17  ft.  wide  at  the  top  and  20  ft.  wide  at  the  base.  The 
plan  of  the  dam  is  curved,  with  a  radius  of  335  ft.  When  the  reser- 
voir is  full,  the  line  of  pressure  at  the  base  falls  about  15  ft.  outside 
of  the  dam. 

It  is  a  simple  matter  to  determine  the  profile  of  a  dam  which  is  to 
resist  either  solely  by  gravity  or  only  as  an  arch.  However,  when 
both  actions  are  assumed  as  occurring  at  the  same  time,  and  an 
endeavor  is  made  to  calculate  the  relative  resistance  offered  by  each, 
the  problem  becomes  quite  complicated.  The  French  engineers, 
Delocre  and  Pelletreau,  gave  solutions*  of  this  problem,  more  or  less 

*  Annales  des  Fonts  et  Chausnees  for  18(56.  ]8('6  and  1877. 
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satisfactory.      To  these   must   now   be   added   the   solution    by   Mr.  Mr.  Wegmann. 
Woodard,  given  in  the  latter  part  of  the  jjaper. 

In  applying  mathematics  to  this  problem,  we  are  obliged  to  assume, 
in  our  pn-esent  state  of  knowledge,  that  the  masonry  of  the  dam  is 
perfectly  elastic,  which  causes  the  strains  to  be  according  to  a  "uni- 
formly varying  stress."  Th«,t  this  assumption,  when  applied  to  a 
masonry  dam  150  ft.  thick  at  the  base,  may  be  far  from  the  truth  is 
recognized  fully  by  Mr.  Woodard.  While  complimenting  him  on  the 
mathematical  skill  he  has  shown  in  dealing  with  this  intricate  prob- 
lem, the  speaker  questions  whether  any  reliance  can  be  placed  on  the 
results  obtained  by  formulas  based  on  such  uncertain  assumptions. 
Professor  Kaukine,  in  his  "Report  on  the  Design  and  Construction  of 
Masonry  Dams,"*  reached  the  conclusion  that  there  was  such  iincer- 
tainty  in  trying  to  calculate  the  resistance  oft'ered  by  a  curved  dam, 
due  to  its  weight  and  the  arch  action  at  the  same  time,  that  he  recom- 
mended that  a  dam  be  always  made  sufficiently  strong  to  resist  the 
water  jiressure  by  gravity  alone;  and  that,  in  case  of  a  narrow  valley, 
the  ijlan  be  curved  so  as  to  give  some  additional,  though  unknown, 
strength  to  the  structure. 

This  is  exactly  what  was  done  in  the  case  of  the  Cheesman  Dam, 
and  Mr.  Woodard's  formulas  appear  to  have  been  an  after-considera- 
tion to  determine  just  how  much  resistance  was  offered  by  the  weight 
of  the  dam  and  how  much  by  the  arching,  both  being  assumed  to  act 
at  the  same  time.  If  these  formulas,  however,  are  to  have  their  full 
practical  value,  they  must  be  considered  sufficiently  reliable  to  enable 
us  actually  to  reduce  the  profile  of  a  "gravity  dam,"  when  curved  in 
plan.  Probably  few,  if  any,  engineers  would  be  willing  to  ajjply  Mr. 
W^oodard's  formulas  to  that  extent. 

IVIr.  Woodard  states  that  the  usually  accepted  method  of  deter- 
mining the  profile  of  a  dam  resisting  the  water  pressure  by  gravity 
alone  is  simple  and,  with  variations  in  details,  may  be  found  in  text- 
books and  works  on  masonry.  Twenty  years  ago,  when  the  calcula- 
tions for  the  New  Croton  Dam  were  made,  this  was  by  no  means  the 
case.  The  only  methods  that  could  be  found  were  those  of  the  French 
engineers,  Sazilly,  Delocre  and  Pelletreau,  involving  equations  of  the 
fourth  and  sixth  degree,  and  that  of  Professor  Rankine,  for  a  profile 
boimded  by  logarithmic  curves.  All  these  engineers  designed  "  pro- 
files of  equal  resistance,"  i.  e.,  profiles  in  which  the  maximum  press- 
ures at  the  faces  of  the  dam  were  kept  at  a  uniform  limit.  From  this 
resulted  ])rofiles  with  curved  faces. 

In  designing  the  New  Croton  Dam,  the  principle  followed  was  to 

limit  the  lines  of  pressure,  reservoir  full  or  empty,  to  the  center  third 

of  the  profile,  allowing  the  pressures  at  the  faces  to  increase  gradually 

until   they  reached  the   limit   of   safety,  which   had   been   assumed. 

*  See  The  Engineer,  January  5th,  1872. 
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Mr.  Wegniaiin.  Below  this  point  the  sloijes  of  the  faces  were  increased  so  as  to  keep 
the  maximum  pressures  at  the  limit  of  safety.  By  simple  equations 
of  the  second  degree,  the  thickness  of  the  dam  was  calculated  at 
intervals  of  10  ft.  This  gave  a  profile  with  polygonal  facee,  having 
many  changes  of  batter,  for  which,  in  the  final  design,  curves,  or  a 
few  straight  lines,  were  substituted. 

This  method,  which  was  first  published  in  1887,  in  the  Report  on 
the  Quaker  Bridge  Dam,  by  the  late  A.  Fteley,  Past- President,  Am. 
Soc.  C.  E.,  Consulting  Engineer  of  the  Aqueduct  Commissioners  of 
New  York,  and  in  the  following  year,  by  the  speaker,  in  a  book  on 
dams,*  appears  to  have  been  adopted  in  the  design  of  most  high 
American  dams  since  that  time.  From  some  of  the  details  given  in 
the  paper  and  from  the  general  look  of  the  profile,  the  speaker  con- 
cludes that  the  Cheesman  Dam  was  designed  by  the  method  just 
mentioned. 

Mr.  Harrison  has  described  the  high  rock-fill  dam  which  was  begun 
at  the  site  of  the  Cheesman  Dam  and  was  destroyed  by  a  flood.  Con- 
sidering the  large  cross-section  which  had  to  be  given  to  the  rock-fill, 
it  is  evident  that  such  a  structure  could  only  be  justified  when  the 
cost  of  cement  delivered  on  the  work  was  very  high,  and  it  would  be 
interesting  to  know  what  the  difference  in  cost  would  have  been 
between  the  rock-fill  and  the  masonry  dam. 

The  details  of  the  outlet  tunnels,  valves,  etc.,  show  skilful  engi- 
neering. 

The  authors  are  to  be  thanked  for  their  full  description  of  this 
important  high  dam,  and  for  giving  the  profession  Mr.  Woodard's 
method  of  treating  a  ctxrved  dam  simultaneously  as  a  horizontal  arch 
and  a  "  gravity  section." 
Mr.  Smith.  J.  Waldo  Smith,  M.  Am.  Soc.  C.  E  — Mr.  Harrison  has  discussed 
this  paper  so  thoroughly,  from  the  speaker's  standpoint,  that  little 
more  can  be  said.  It  would  be  interesting,  however,  to  hear  an 
answer  to  Mr.  Kuichling's  question  regarding  the  temperatui'e  strains 
or  the  cracks  from  internal  stresses  in  the  dam.  This  is  a  subject 
which  is  of  great  interest  to  engineers  at  the  jiresent  time,  as  several 
are  studying  what  is  happening  in  dams  Avhich  have  been  built  during 
the  last  eight  or  ten  years  in  reference  to  various  cracks  which  have 
develojied  from  one  cause  or  another. 

Measures  have  been  taken  to  ascertain  the  temperatures  in  the 
Boouton  Dam  by  introducing  a  number  of  thermophones,  from  which 
the  temperatures  are  to  be  read  during  a  long  jjeriod.  These  were 
put  in  during  last  season,  but  at  the  jiresent  time  sufficient  data  have 
not  been  obtained  from  which  to  draw  conclusions.  It  can  only  be 
said  in  a  general  way  that  the  temperature  in  the  interior  of  the  dam 
is  still  falling,  and  has  been  falling  steadily  from  the  start.    The  second 

*  "  The  Design  and  Construction  of  Dams,"  by  Edward  Wegmann,  jM.  Am.  Soc.  C.  E. 
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point  shown  is  that  nomatter  what  the  temperature  of  the  air  at  the  time  Mr.  Smith, 
the  masonry  is  laid,  the  iiltimate  maximum  temperatui'e  of  the  masonry 
is  ajsproximately  the  same.  The  thermophones  near  the  outside  of  the 
wall  indicate  a  steady  fall  throiigh  the  cold  weather,  and,  as  soon  as 
the  temjjerature  changes  in  the  spring,  they  indicate  a  rise.  The  daily 
changes  in  temperature  seem  to  have  considerable  influence  oa  the 
average  temperature  of  the  dam,  and,  although  the  average  monthly 
temj^eratiire  is  falling  steadily,  the  average  daily  temperatui'e  shows 
a  rise  and  fall  following  somewhat  closely  the  changes  in  the  air. 

E.  KuicHLiNG,  M.  Am.  See.  C.  E. — This  is  an  extremely  interesting  Mr.  Kuicliiing. 
and  valuable  paper,  as  it  presents  clearly  the  essential  details  of  the 
design  and  construction  of  a  great  masonry  dam.  In  this  resi:»ect,  the 
author's  description  leaves  little  to  be  desired;  but,  inasmuch  as  the 
hydrology  of  the  watershed  under  consideration  is  peculiar,  and  differs 
greatly  from  that  of  drainage  basins  of  similar  magnitude  in  other 
parts  of  the  United  States,  it  has  appeared  to  the  speaker  that  some- 
what more  space  might  have  been  given  advantageously  to  the  rainfall 
and  run-off  of  the  South  Platte  River  Basin. 

The  author  states  that  the  maximiim  flood  flow  of  the  river  at  the 
site  of  the  dam  is  only  1  945  cu.  ft.  per  second,  from  an  area  of  1  796 
sq.  miles.  This  is  at  the  rate  of  but  1.08  cu.  ft.  per  second  per 
square  mile,  which  is  remarkably  low  when  the  rainfall  statistics  for 
Denver  are  considered.  From  the  latter  are  found  the  following 
monthly  maxima,  in  inches,  during  32  years  (1872-1903) : 

January 2.35  May 8.57  September.    ..3.70 

February ....  1.22  June 4.96         October 3.92 

March 3.10  July 4. 28  November ....  1. 93 

April 8.24  August 2.84        December 2.32 

and  from  the  much  greater  altitude  of  the  water-shed,  the  average 
elevation  of  which  is  about  8  000  ft.  above  the  sea,  it  may  be  presumed 
that  the  precipitation  is  somewhat  more  than  at  Denver. 

It  is  also  found,  from  the  hydrographical  i-ecords  of  the  United 
States  Geological  Survey  in  this  region,  that  the  river  freshets  usually 
occur  in  May  and  June;  and,  as  the  run-off  in  these  months  may 
readily  amount  to  75%  of  the  rainfall,  it  follows  that  from  the  precipi- 
tation of  8.57  ins.  in  May,  1876,  and  4.96  ins.  in  June,  1882,  rim-offs  of, 
respectively,  6.43  and  3.72  ins.  in  depth  on  the  water-shed  might  have 
occurred.  Now,  as  a  depth  of  1.0  in.  run-off'  in  30  days  corresponds 
io  an  average  discharge  of  about  0.9  cu.  ft.  per  second  per  square  mile, 
and  as  the  maximum  rate  of  discharge  during  the  month  may  easily 
be  twice  the  average,  it  also  follows  that,  in  the  two  months  mentioned, 
freshets  of  about  12  and  7  cu.  ft.  jier  second  per  square  mile  of  water- 
shed might  have  been  expected. 

While  these  figures  of  run-off  are  merely  si)eculative,  they  are  much 
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3fr.  Kuichling.  less  than  lias  been  observed  from  similar  monthly  rainfalls  in  the 
streams  whicih  drain  the  mountainous  regions  of  the  Eastern  States, 
and  hence  a  more  extended  description  of  the  meteorology  and  physi- 
cal characteristics  of  the  drainage  basin  of  the  South  Platte  River  will 
add  much  to  the  value  of  the  paper.  It  may  also  be  noted  that  a  run- 
ofl'  equal  to  a  depth  of  0.84  in.  on  the  water-shed  will  fill  the  reservoir, 
and  that  such  a  quantity  may  be  expected  from  the  above-mentioned 
maximum  precipitations  for  November,  December  and  January. 

Another  matter  of  interest  is  the  author's  assumption  that  during 
the  winter  months  the  reservoir  will  never  be  full,  l)ut  will  always  be 
at  a  low  stage,  so  that  any  thrust  on  the  dam  due  to  the  exjjansion  of 
the  ice  on  the  surface  of  the  water  may  be  neglected.  A  further 
reason  for  not  considering  ice  thrust  is  the  circumstance  that  a  rocky 
promontory  a  few  hundred  feet  above  the  dam  will  serve  as  a  protec- 
tion against  the  push  of  the  ice,  even  though  the  reservoir  may  be 
filled  to  near  the  spillway  level. 

From  the  meteorological  data,  however,  it  seems  to  the  speaker 
very  possible  that  the  reservoir  may  become  full  during  freezing 
weather,  and  may  remain  so  for  a  few  weeks  if  the  outlet  valves  are 
not  regulated  carefully  or  if  they  become  disabled.  In  this  event,  ice 
will  form  at  a  high  level,  and,  by  its  expansion  when  warmed  by  the 
heat  of  the  sun  during  the  daytime,  a  considerable  thrust  will  be- 
exerted  against  the  dam. 

As  to  the  magnitude  of  the  thrust  which  is  actually  exerted  by  the 
ice  sheet  on  a  reservoir,  few  data  seem  to  be  available.  Some  writers 
have  considered  that  it  is  limited  only  by  the  crushing  strength  of  the 
ice,  which  is  from  200  to  1  000  lbs.  per  square  inch,  or  from  14.4  to 
72.0  tons  per  square  foot,  depending  on  its  quality  and  temperature; 
while  others  have  taken  the  elasticity  of  the  ice  into  account,  assum- 
ing a  modulus,  E,  varying  from  about  180  000  to  360  000  lbs.  per 
square  inch,  and  a  rate  of  expansion  varying  from  about  jsVo  to  T^(^o^ 
in  iDassing  from  0°  to  32^  Fahrenheit. 

AiJi^lying  these  latter  figures  to  the  case  of  a  sheet  of  ice,  500  ft. 
wide  between  the  dam  and  the  rocky  promontory  mentioned,  it  will 
be  found  that  the  elongation  will  range  from  4  to  J  ft.,  or  from  4.0  to 
1.5  ins. ;  and  ii  E  =  180  000,  the  compressive  stress  in  the  ice  will  be 
from  120  to  45  lbs.  per  square  inch,  while,  if  ^=  360  000,  the  stress 
will  be  from  240  to  90  lbs.  pev  square  inch.  On  this  basis  of  computa- 
tion, the  probable  stress  ranges  from  45  to  240  lbs.  per  square  inch,  or 
from  3.24  to  17.28  tons  per  squai'e  foot;  and  if  the  ice  is  assumed  to 
be  1  ft.  thick,  the  thrust  against  the  dam,  accordingly,  will  be  from  3 
to  17  tons  per  linear  foot. 

It  may  also  be  remarked  that  in  the  consideration  of  this  question 
the  Board  of  Experts  on  the  projected  Quaker  Bridge  Dam,  in  the 
valley  of  the  Croton  River,  New  York,  recommended  in   1888  that 
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provision  should  be  made  for  an  ice  pressure  of  21.5  tons  per  linear  Mr.  Kuichling. 
foot  at  the  spillway  level;  and  that,  in  designing  the  large  dam  which 
is   soon  to   be  built  across  the  Scioto  River  near  Columbus,   Ohio, 
Samuel  M.  Gray,  M.  Am.  Soc.  C.  E.,  adopted  an  average  ice  thrust  of 
11.33  tons  per  linear  foot. 

In  view  of  the  widely  varying  data  relating  to  the  crushing 
strength,  elasticity  and  rate  of  expansion  of  ice,  the  speaker  endeav- 
ored, a  number  of  years  ago,  to  deduce  an  approximate  measure  of 
the  thrust  of  an  extensive  field  of  ice  by  computing  the  shearing 
resistance  of  the  masonry  piers  of  several  highway  bridges  which  were 
a  very  short  distance  above  certain  river  dams.  The  water  above  these 
dams  usually  had  only  a  slight  mean  velocity  in  winter,  but  the  dis- 
charge was  then  generally  sufficient  to  produce  a  moderate  depth  of 
overflow,  thus  allowing  the  ice  below  the  bridge  to  expand  or  contract 
freely,  Avhile  the  long  field  above  the  bridge  was  held  by  the  piers  and 
banks. 

In  all  these  cases  the  piers  had  remained  undisturbed  for  many 
years,  although  the  ice  was  seldom  less  than  1  ft.  thick  in  midwinter. 
The  weakest  piers  of  the  series  were  4.5  ft.  thick,  18  ft.  long,  11  ft. 
high  above  the  usual  level  of  the  ice,  and  68  ft.  apart,  carrying  a  light 
iron  structure  the  weight  of  which  did  not  exceed  550  lbs.  per  linear 
foot;  heuce  the  total  weight  resting  on  the  course  of  masonry  imme- 
diately below  the  ice  was  about  185  000  lbs.  The  mortar  was  not 
strong,  and  had  been  partly  washed  out  of  the  joints,  so  that  a  high 
value  for  its  shearing  strength  could  not  be  taken.  Allowing  5  lbs. 
per  square  inch  for  such  shear  and  0.6  for  the  coefficient  of  friction, 
the  total  resistance  of  the  pier  to  sliding  becomes  about  169  000  lbs., 
or  37  600  lbs.  per  foot  of  its  thickness;  hence,  in  this  case,  the  ice 
thrust  was  certainly  less  than  18.8  tons  j)er  linear  foot;  and,  if  the 
total  resistance  be  computed  with  0.7  as  coefficient  of  friction  includ- 
ing shear,  the  thrust  will  be  less  than  14.4  tons  per  linear  foot. 

All  these  computations  for  the  ice  thrust  on  dams  with  vertical 
backs  are  based  on  data  so  crude  that  the  appearance  of  a  better  array 
of  observations  becomes  very  desirable;  and,  in  view  of  the  importance 
of  the  siibject,  it  is  earnestly  hoped  that  those  who  have  had  the 
opportunity  to  measure  this  force  of  Nature  will  contribute  to  our 
stock  of  knowledge  concerning  it. 

Another  matter  of  interest  is  the  behaAdor  of  the  masonry  of  the 
Cheesman  Dam  with  regard  to  changes  of  temperature.  The  speaker 
was  informed  recently  that  during  the  jiast  winter  several  vertical 
cracks  made  their  appearance  in  the  upper  portion  of  the  structure. 
If  this  be  true,  it  follows  that  the  method  of  computing  a  curved  dam 
by  considering  it  as  an  elastic  and  continuous  arch  must  be  modified. 

E.  Shirkeffs,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  has  been  Mr. sinneflfs. 
greatly  interested  in  the  second   jiart  of  this  j^aper,   relating  to  the 
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Mr.  Shirreffs.  stresses  develoijed  in  a  curved  dam,  not  only  because  be  has  at  present 
ia  charge  a  i^roject  where  a  curved  dam  is  as  emphatically  ' '  indicated  ' ' 
as  it  was  at  the  Lake  Cheesman  site,  but  also  because  it  fell  to  his  lot 
a  few  years  ago  to  direct,  under  F.  P.  Stearns,  M.  Am.  See.  C.  E. ,  a 
study  of  the  merits  and  demei'its  of  the  curved  vs.  the  straight  form 
for  the  Waehusett  Dam,  then  j^roposed,  and  now'  being  built  by  the 
Metropolitan  Water  Board,  of  Massachusetts. 

The  studies  were  made  in  a  similar  way  to  those  now  j^resented  by 
Mr.  Woodard,  bixt  with  fewer  assumptions  not  borne  out  by  the  facts. 
Unfortunately,  the  writer's  memorandum  of  these  calculations  was 
destroyed  by  fire  some  time  ago,  and  what  follows  has  been  worked 
out  entirely  anew  and,  it  is  believed,  with  some  iminovement  on  the 
methods  then  followed. 

Upon  examining  the  methods  followed  in  the  paper,  it  will  be 
found  that  several  assumptions  or  ajiproximations  are  made  which  do 
not  conform  strictly  to  the  actual  conditions.  The  writer  believes 
that  some  of  these  can  be  eliminated  withoiit  increasing  very  mxich  the 
labor  of  calculation,  and  with  a  marked  gain  to  the  advantages  shown 
by  the  curved  dam.  In  the  case  of  the  Lake  Cheesman  project  it 
ajjpears  that  the  only  purpose  of  the  analysis  was  to  justify  the  use  of 
a  "  gravity  "  profile  when  built  as  a  curved  dam.  The  errors  occasioned 
by  the  assumptions  made,  as  these  were  nearly  all  adverse  to  the  ver- 
tical beams,  were  on  the  side  of  safety,  but  they  are  misleading  when 
applied  to  the  general  question  of  the  curved  vs.  the  straight  dam. 
And  here  it  may  be  proper  to  emphasize  the  point,  to  which  attention 
has  already  been  called  in  the  discussion  of  this  pajaer,  that  the 
sti'aight  dam  is  only  a  special  case  of  the  curved  dam,  and  that  it  is 
not  possible,  simj^ly  by  building  a  dam  straight,  to  avoid  the  stresses 
caused  by  the  combination  of  vertical  with  horizontal  beams.  The 
real  point  is  whether  it  is  better  to  build  the  dam  straight,  with  the 
certainty  that  there  will  be  tensile  stresses  in  the  horizontal  beams, 
or  to  avoid  all  tensile  stresses  by  building  the  dam  on  a  curve  when 
the  site  will  i^ermit  the  use  of  a  short  enough  radius. 
The  approximations  referred  to  are  these: 
*  1. — In  ascertaining  the  deflections  of  the  vertical  beams,  an  average 

value  of  the  moment  of  inertia  was   used  for  each   different 

vertical  section; 
2. — The  deflections  of  the  arch  rings  were  computed  as  if  due  to  the 

constant   radius    of    the   extrados    of    the    arches;    and,  most 

important; 
3. — The  arch  deflections  were  computed   {a)  as  if  there  was  a  hinge 

point  at  the  abutments,  and  [h)  as  if,  even  then,  there  were  no 

moment  stresses  in  the  arch. 
As  an  illustration  of  the  errors  resulting  from  this  last  assumption, 
and  also  as  an  illustration   of  the  advantage  of  reducing  the  radius 
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when  it  can  be  done,   tlie  results  of  the  computation  of  two  curved  Mr.shirreffs. 

dams  of  triangular  section,  No.  1,  having  a  radius  of  400  ft.   and  a 

face  batter  of  0.5477  (6"  =  0.30);  and  No.  2,  having  a  radius  of  260  ft. 

and  a  face  batter  of  0.40,  are  given  in  Table  6,  the  first  set  of  figures 

resulting  from  the  arch  defiectious  obtained  by  Mr.  Woodard's  method 

and  the  second  set  resulting  from  tletlections  obtained  by  treating  the 

arches  as  curved  beams.     In  both  sets  the  approximations  noted  above 

under  "  1  "  and  "  2  "  have  been  corrected.     Both  jirotiles  are  sup^josed 

to  be  built  in  a  triangular  valley  similar  to  that  sketched  in  Figs.  18 

and  19,  that  is,  with  a  maximum  depth  of  Avater  of  180  ft.  and  a  chord 

width  of  500  ft.,  at  a  point  30  ft.  below  the  water  line,  and  with  the 

contours  opening  outward,  up  stream,  so  as  to  be  found  in  the  same 

relative  position  on  the  arcs  of  the  curved  dams  as  on  the  straight  line 

across  the  valley.     The  whole  height  has  been  divided  into  five  arch 

slices  of  30  ft.  each,  as  in  the  example  in  the  pajier. 

TABLE  6. 


Joint. 

1 

2 

3 

4 

5 

6 

Profile  No.  1 -j 

Q 

M  -\-V 

I 

63  280 

43  eoo 

37  650 

112  500 

97  230 
85  980 

0.602 
0.561 

59  620 
41  580 

0.469 
0.434 

168  750 

156  060 
147  280 

0.679 
0.628 

122  360 
86  100 

0.644 
0.554 

225  000 

200  780 
211  070 

0.724 
0.672 

197  750 
172  680 

0.762 
0.634 

281  250 

278  550 
275  680 

0.7.54 
0.706 

271  700 
261  840 

0.867 
0.733 

0.782 

0.736 

Profile  No.  2 \ 

15  320 
11  520 

0.960 

0.836 

In  Table  6,  Q  is  the  total  water  pressure,  in  pounds,  considered 
as  concentrated  at  the  various  joints;  P  is  the  part  of  this  load  car- 
ried by  the  vertical  beam  at  the  center  of  the  dam,  and —  the 

ratio  of  the  distance  of  the  resultant  jiressure  from  the  ui:)-stream 
edge  of  the  joint  to  the  length  of  the  joint.  (See  also  the  arch 
deflections  in  Table  9.) 

It  will  be  seen  that  the  use  of  the  true  arch  deflections  has  a  con- 
siderably greater  effect  in  No.  2  than  in  No.  1  in  reducing  the  eccen- 
tricity of  the  resultant  pressure  beyond  the  "middle  third"  at  the 
lower  joints.  It  is  entirely  probable  that  the  necessary  modification 
of  either  i3rofile  to  give  it  a  reasonable  top  thickness  will  fully  correct 
this  eccentricity  in  either.  At  this  point  attention  may  be  called  to 
the  superior  ability  of  a  curved  dam  to  resist  shocks,  as  of  ice  or  drift, 
for  which  a  top  thickness  is  necessary;  especially  in  respect  to  the 
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Mr.  Shirreffs.  most  dangerous  of  these  effects  in  a  cold  climate — the  thrust  of  a  field 
of  ice  expanding  on  a  bright,  sunny  day  succeeding  an  extremely 
cold  night.  It  is  probable  that  this  superior  ability  will  justify  the 
use  of  no  more  masonry  in  the  top  of  a  curved  dam  than  would  be 
used  in  a  straight  dam  of  the  same  height,  or  that,  in  other  words,  the 
top  thickness  having  been  determined  for  a  straight  dam,  the  curved 
dam  may  be  given  a  lesser  thickness  in  the  direct  proi^ortion  of  the 
chord  to  the  arc. 


The  volume  of  Profile  No.  1,  if  built  in  the  assumed  valley,  will  be 
67  200,  and  that  of  No.  2,  58  490,  cu.  yd.,  a  difference  of  8  310  cu.  yd. 
in  favor  of  the  latter,  or  about  12  per  cent.     A  gravity  profile  would 

have  a  face  batter,   h=        oT  5  5  being  the  ratio  of  the  weight  of  ma- 


sonry to  that  of  water.  Assuming  this,  with  Mr.  Woodard,  and  as 
has  been  done  in  the  above  computations,  to  be  2.5,  the  batter  of  the 
gravity  profile  would  be  0.63246.  A  straight  dam  across  the  assumed 
valley  with  this  section  would  contain  63  250  cu.  yd.,  while  the  same 
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section  built  ou  radii  of  400  and  200  ft.  in  the  same  valley  would  con-  Mr.  ShirreJfs. 
tain,  respectively,  77  120  and  91  880  cu.  yd. 

The  economy  of  the  curved  dam,  however,  must  obviously  be  de- 
termined specially  for  each  situation.  At  the  Lake  Cheesman  site,  for 
instance,  a  straight  dam  was  evidently  out  of  the  question.  It  appears 
from  Mr.  Maltbv's  discussion  that  a  radius  of  800  ft.  was  at  one  time 
proposed  for  this  dam,  and  from  the  contour  plan  (Fig.  1,  Plate 
IV),  it  would  seem  that  a  radius  as  short  as  2G0  ft.  would  have 
increased  the  top  length  only  about  60  ft.  and  the  lengths  below  Ele- 
vation 150  (water  surface  at  Elevation  214)  only  about  15  ft.  as  an 
average.  The  economy  of  the  curved  dam  on  400  ft.  radius,  therefore, 
would  have  been  about  l-^i%,  as  compared  with  a  "  gravity  "  section  on 
the  same  radius;  while  the  curved  dam  on  2(50  ft.  radius  would  have 
saved,  say,  36j^^  over  the  gravity  dam  on  the  same  radius  and  about 
27%^  over  the  curved  dam  on  the  longer  radius. 

In  the  foregoing  computations  the  dam  with  triangular  profile  was 
chosen  because  all  the  mathematics  are  simpler  for  this  form.  It  is 
also  the  theoretical  form  for  a  gravity  dam  as  well  as  for  an  arched 
dam,  if,  in  the  latter  case,  it  be  considered  that  the  arch  elements- 
carry  all  the  load,  and  if  it  be  further  assumed  (which  is  not  very  far 
from  the  truth)  that  the  average 
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at   all  points   is 
In    making   the    first 


normal    stress 
q  R 
A  • 

studies  for  any  new  situation  it 
will  i^robably  save  time  to  use  the 
triangular  profile  for  the  first  aj)- 
proximatious,  afterward  making 
the  necessary  modifications  to 
give  the  top  a  reasonable  width. 
The  caution  may  here  be  noted 
that  instead  of  adding  to  the  tri- 
angular form  a  parallel  top  there 
should  be  added  only  a  moderate 
top  width,  with  a  change  of  the 
batter  for  a  considerable  dis- 
tance. If  a  considerable  top 
width  be  added  to  the  triangular 
profile  the  result  will  be  nega- 
tive loads  on  the  vertical  beams 
toward  the  top,  giving  tension  at 
the  upper  joints  at  the  down- 
stream face. 

Passing  now  to  a  detailed  de- 
sci*iption  of  the  modifications 
proposed  in  the   methods    used 
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Mr.  Shirreflfs.  by  Mr.  Woodard,  these  will  be  taken  iii)  in  the  order  in  which  they 
are  noted  above. 

First. — The  following  method  is  proposed  to  obtain  the  deflec- 
tions, under  the  action  of  a  series  of  concentrated  loads,  of  a  beam, 
having  a  varying  moment  of  inertia,  but  a  constant  thickness  =^  1.0. 
It  is  necessary  that  the  beam  be  limited  by  straight  lines  between  the- 
load  points.  Using  the  notation  shown  in  Fig.  20,  and,  in  addition, 
the  following: 

b  =  ratio  of  increase  of  joint  length; 
/  =  moment  of  inertia  of  joint; 

e  =  distance  from  neutral  axis  to  extremity  of  joint; 
M ^  moment  of  all  loads  above  joint  considered; 
(3  =  stress  at  extremity  of  joint; 

A  =^  change  of  length  of  element,  d  x,  of  beam,  due  to  6; 
E  =  modulus  of  elasticity  of  material  (in  comjiression) ; 
p  =  radius  of  curvature  of  deflected  beam; 

a  =  angle  of  deflected  beam  at  any  load  point,   having  reference 
only  to  the  portion  of  the  beam  between  that  load  and  the 
one  next  below; 
z/  =  deflection  of  each  individual  iiortion  of  beam,   produced  by 

all  loads  above  that  portion; 
D^  =  the  total  deflection  of  beam  at  any  load  jjoint: 
We  have,  generally : 

31  e      ^         6  d  X  EI  T     ,  d  X 

But  (referring  for  the  present  only  to  the  beam  of  triangular 
profile), 

'  =  i  ==X  '  ^=.  12  =i:f  '  ^^'^  dzJ:X=.{x-h)  :  e; 
therefore, 

d/l  =  12M{x-h)^^^, (1) 

and  d  a  (or  also  d  tan.  a)  =    ^jj^l     (2) 

But  we  can  write  h  =  n  a,  and  therefore, 

M^  =  P,  {X  —  a)  +  P,  (.r  —  2  a)  +  .  . . .  +  P.  (■«  —  '«  «)• 

The  reduction  and  integration  of  the  resulting  equations  being 
quite  simple,  these  jjages  will  not  be  cumbered  with  anything  except 
the  final  results.  After  obtaining  the  values  of  z/,^  and  tan.  a„,  these 
must  be  cumulated  as  follows  for  D,^: 

I)^  =  J-  -f  z/4  +  a  tan.  a^; 
2),  =  J.  -f  z/^  -f-  //.,  +  «  (2  tan.  a.^  -f  tan.  aj ; 
and  so  on,  as  will  apjiear  from  Fig.  20. 

Before  assigning  values  to  either  a  or  b,  we  have  : 
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b^  E  Jr,=-12^  P  [L  n  Ga  —  Ln5  a)  —  ~  (61  Pj  -\- 62  P.  +  63  P^  Mr.Shirreffs. 
+  64  P,  +  65  P,)  ; 

b^  E  J,  =  12  k  P  [L  u5a  —  L  n  4  a)  —  j^  (41  7^  +  42  P.,  -f  43  P^ 
+  44  P,}  ; 

ft-'  J?  J3  =  12  J?  P  (L  n  4  a  —  L  u  3  a)  —  ^  (25  P,  +  26  P.,  +  27  P.,) ; 


3 


S 


ft-'  E  J^  =  12  k  P  {L  n  3  a  —  L  n  2  a)  —  I  (13  P,  +  14  P.,) ; 

2  '' 

b^  E  /li  =  12  Pi  (L  )i2a  —  L  n  a)  —  7.5  Pj ;  (7.  «  (a)  =  Naperian 
Log.  (a)); 

a  b^  Et&n.  a,  =  ^  (49  P,  +  38  P^  +  27  P3  +  16  P,  +  5  P,); 
a  b^  E  tan.  «4  =  Jq  (31  Pi  +  22  P.,  +  13  P^  +  4  PJ; 
a  &2  ^tan.  aa  =  ^  (17  Pi  -j-  10  P^  +  3  P3); 

a  5^  ^tan.  a..  =  J  (7  Pi  +  2  P.); 

a  fr^  Etan.  a^  =  1.5  Pi. 

Assigning  to  a  the  value,  30,  as  in  the  above  and  the  Cheesnian 
Dam  examples,  we  have  after  cumulation  : 

b^ED^  =  7.3344  P^  —  3.8501  P2— 1.8178  P3  —  0.6990  P,  -  0. 1545  P^ 

b^  E  i)2=  3.8501  Pj  —  2.5168  P2  — 1.3178  P3  —  0.5323  P,  —  0.1211  P., 

b^  E  2)3  =  1.8178  Pi  —  1.3178  P2  —  0.8178  P3  —  0.3656  P,  —  0.0878  P, 

b^  E  i),  =  0. 6990  Pi  —  0. 5323  P2  —  0. 3656  P3  —  0. 1990  P^  —  0. 0545  P^ 

b^ED^=  0.1545  P,  —  0.1211  P.,  —  0.0878  P3  —  0.0545  P,  —  0.0211  P^ 

Before  the  arch  equations  can  be  combined  with  the  beam  equations 

it  will  be  necessary,  of  course,  to  assign  a  value  to  b.     In  applying  the 

foregoing  method  to  a  beam  of  irregular  profile,  but  which  can  be 

bounded  by  straight  lines  between  the  load  points,  it  is  only  necessary 

to  remember  that  for  each  beam  section  there  will  now  be  a  different 

origin  for  .r,  and  a  different  value  for  b.     For  example,  if  the  bottom 

section  of  the  beam  have  a  joint  length  of  54  on  the  top  and  72  on  the 

bottom,  with  a  still  =  30,  the  origin  of  x  will  be  at  the  second  load 

point  (see  Fig.  20),  and  the  value  of  b  will  be  0.60.     There  should  now 

be  written,  x  —  h  ^  x  —  90,  and 

M,  =  Pi  (.r  4-  30)  +  P2  a:  +  P3  (x  -  30)  +  P,  (x  ~~  60)  +  P,  [x  —  90), 
and  after  the  substitution  of  these  values  in  the  general  equation  (1) 
and  its  integration  and  reduction,  there  will  result, 
EI)r,  =  1.3679  Pi  -I-  1.0717  P2  -f-  0.7755  P3  +  0.4793  P^  +  0.1831  P^; 
while  in  the  triangular  profile  No.  2,  with  6  =  0.40  we  have 
EB.^  =  2.4141  Pi  4-  1.8931  P,  -}-  1.3720  P3  +  0.8509  P,  +  0.3298  P^. 
It  is  next  necessary  to  modify  the  results  derived  for  the  beam  of 
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Mr.Shirreffs.  constant  thickness  to  suit  the  case  of  the  beam  comprised  between 
radial  planes  1  ft.  apart  at  the  ui)-stream  edge  of  the  dam.  It  will  be 
readily  seen  that  the  elementary  deflections  will  vary  inversely  as  the 
moments  of  inertia  of  the  rectangle  having  the  height,  /,  and  abase  of 
1.0  and  a  trapezoid  having  the  same  height  and  a  base  =  1.0,  but  a 

top,  c  =  1 —  „,  I  being  the  joint   length   and  R  the   radius  •  of  the 

up-stream  face  of  the  dam.     The  ratio  of  these  moments  of  inertia  is 

c2  4.  4  c  4-  1 
"=3(0  +  1)    ■ 

To  introduce  this  value  of  /in  the  equations  for  d  A  and  d  tan.  a 
would  result  in  forms  very  diflScult  if  not  impossible  of  integration. 
The  obvious  approximation  is  to  multiply  the  individual  deflections 
and  deflection  angles  by  the  reciprocal  of  w  obtained  from  the  joint 
length  at  the  middle  of  the  section  under  consideration,  before 
cumulating  the  individual  results  for  the  deflections,  D.  A  test  com- 
putation shows  that  the  error  of  this  approximation  is  less  than  half 
of  1  "0'  at  the  base  of  Dam  No.  1 .  It  will  diminish,  of  course,  toward 
the  top,  while  it  will  be  somewhat  greater  for  a  lesser  radius. 

Before  leaving  this  branch  of  the  subject  it  may  be  remarked  that 
•we  have,  for  the  triangular  profile,  the  following  simple  formulas, 
Tvhich  aid  rapid  computation.  Let  Fbe  the  volume  and  TFthe  weight 
of  a  vertical  slice  of  the  dam  contained  between  radial  planes  1  ft. 
apart  at  the  up-stream  face,  u  the  distance  of  its  center  of  gravity 
from  the  same  face,  v  the  distance  from  the  vertical  through  the  center 
of  gravity  to  the  point  of  the  base  where  the  resultant  pressure 
strikes,  M^^  the  total  moment  of  all  loads  above  the  base,  5  y  the  unit 
•weight  of  the  masonry,  and  for  the  remainder  the  notation  already 
^ised. 

Therefore : 

t-r  S   R hh   ,     -,0         -rrr  ^  tr 

V  = ;r^ —  b  h-;    W=  d  y   V; 

b  K 

_«  _  2R-hh 

I        6R  —  2bh ^^ 

^   _  ^J^ (A) 


,y{^-^y,^ 


Second. — The  error  resulting  from  computing  the  arch  deflections 
.as  due  to  an  arch  having  the  radius  of  the  extrados,  instead  of  using 
the  radius  of  the  axis,  will  be  corrected  in  the  general  solution  of  the 
deflections  of  the  curved  beam,  which  follows. 

Third. — The  following  is  ofi"ered  as  a  solution  of  the  problem  of  ob- 
taining the  movements  and  stresses  in  an  arch  subjected  to  a  uniform 
normal  or  radial  load.  As  the  resulting  equations  are  very  much 
simpler  and  easier  of  application  than  the  equations  for  the  circular 
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arch,  under  whatever  load,  to  be  found  in  the  textbooks,  the  methods  Mr.  Shirreffs. 
and  results  are  given  in  some  detail. 

Imagine  the  segmental  arch,  of  which  l-2'-3'  (Fig.  21)  is  one-half  in 
its  unloaded  position,  to  be  a  portion  of  a  "  closed  ring,"  or,  what  is 
equivalent,  imagine  the  abutments  ujjon  which  the  arch  rests  to  be 
frictionless,  then,  under  the  unit  loading,  q,  producing  a  shortening, 
2p,  of  the  original  length,  2  L,  the  radius  of  the  arch  will  be  reduced 
by  a  proportionate  amount,  /,  and  the  half  arch  will  move  to  the  new 
position,  4-5-6,  in  which  position  it  will  be  in  perfect  equilibrium, 
with  axial  stresses  at  all  points  =  q  R,  but  without  internal  moments. 


Fig.  21 


Now  imagine  the  arch  to  be  severed  at  the  crown,  the  ri^ht  half 
being  replaced  by  a  crown  thrust  =  q  R,  and  the  half  arch  then 
moved  outward  until  Point  4  again  coincides  with  Point  1,  but  with- 
out disturbing  the  perpendicularity  of  the  axis  at  the  skewback. 
The  center  of  the  arch  will  now  be  at  0  instead  of  0';  Point  6  will  be 
in  the  position  of  Point  3,  at  the  horizontal  distance,  k,  from  the  ver- 
tical through  the  middle  of  the  span  and  at  the  vertical  distance  J 
below  the  original  crown  of  the  arch,  but  the  crown  joint  will  still  be 
vertical.     The  arch  will  be  assumed  to  have  a  width,  I,  and  a  thick- 

Since  f  :  X  =  R  :  L,  and  since  A  =  -i—  -—,  we  will  have, 


ness,  1. 


and 


k  =/'sin. 


^c  =/(l— COS-«o)  = 


,(5) 


COS.  a„). 


.(6) 


164        DISCUSSION:    LAKE  CHEESMAN  DAM  AND  RESERVOIR. 

Mr.Shirreffs.     At  a  point  distant  a  degrees  from  the  crown  we  shall  have  J    :  J^,  = 
a^  —  a  :  a,,,  and,  therefore, 

q  R-  a^  —  «  ,-,                    ,  ,^   s 

"^^  ^   El        a,       (    ~  ''°''-  "''^^ ^^"^ 

In  order  now  that  the  integrity  of  the  arch  be  restored,  it  is  neces- 
sary: 

First,  that  the  crown  thrust,  q  R,  be  so  diminished  that,  under  the 
joint  action  of  such  diminished  thrust  and  the  loads  on  the  half  arch, 
the  curved  beam,  1-2-3,  considered  as  fixed  at  the  abutment,  shall  be 
deflected  through  the  horizontal  distance,  k;  and 

Second,  that  the  crown  joint,  which  will  have  been  deflected  by  this 
movement  through  the  angle,  /i,  shall  be  again  made  vertical  in  its 
new  position,  which  can  only  be  accomplished  by  the  application 
thereto  of  a  moment,  M^.  As  the  original  crown  thrust,  q  R,  just  holds 
the  arch  in  equilibrium  against  the  action  of  the  loads,  the  first  move- 
ment will  be  identical  with  that  caused  by  the  action  of  a  force,  H'y 
applied  at  the  ci-own,  equal  to  the  necessary  diminution  of  q  R,  and 
acting,  therefore,  toward  the  right.  The  total  movement  of  the  arch 
at  any  point  will  be  obtained  by  combining  the  movements  produced 
by  H'  and  M^  with  those  resulting  from  the  axial  stress. 

Neglecting  the  slight  reduction  in  the  compressioij  of  the  arch 
occasioned  by  diminishing  q  R  hj  the  amount,  //',  to  obtain  the  value 
of  //'  we  must  substitute  in  the  general  exj^ression  for  the  deflection  of 

a  beam,  rf  s  =  J/. i; -^^-7- (tQoments  taken  about  Point  2), /f'i?(l — cos.  a) 

a  l^ 

ioT  31;  2  R  sin.      for  x;  R  d  a  for  d  x  and  ^^  for  /,  and  we  get: 


.    ,        24  R-  H'.  ^    •       «-  , 

d  .s    =  — =}.T —  (1  —  COS.  a]  sm.  -^  d  a. 

(X 

But  the  horizontal  eomjjonent  of  this  arc  is  d  k  =^  d  s'  sin.  ~  , 

12  R^ 
therefore,  d  k  =   ^-,a    H'  (1  —  cos.  a)    (/  a.     Integrating  this  expres- 
sion, between  the  limits,   a^  ^^^  0,   and  equating  the  result  with  the 
value  of  k  in  Equation  5,  we  obtain: 

iy'j?^tf,     ,    .    ^^^°"'- — ^. — (7) 

12  3  a„  -j-  sm.  Ag  COS.  a^  —  4  sm.  a^  ^ 

Now  the  moment,  M,.,  must  cause  the  same  angular  deflection  in 
the  whole  beam  as  the  force,  H'.     In  the  general  equation  for  angular 

deflection,  d  B  ^=  —  =  M  tt-v.  we  must  substitute,  in  one  case,  H'  R 
X  EI 

(1  —  COS.  a),  and  in  the  other,  M^  for  M,  and  in  both  cases,  R  d  a  for 

d  X,  thus  getting, 

.  ^.        12  H'  R'  .^  N    7  i^  ^K  ^  7 
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Integrating  both  expressions  for  d  fi,  between  tlie  limits,  a^,  and  a,  Mr.  Shirreffs. 
and  equating  the  results,  we  have: 

3L  =  H'R  "'"  ~  ^'"-  """  (8) 

This  can  be  readily  combined  with  Equation  7,  and  the  result  is: 

j^^gj.^in-sin.j^, .       2  siu^^ _    _ 

*•        12  a„  3  a„  +  sin.  a„  cos.  a^  —  4  sin.  a^ 

To  obtain  the  movement  of  the  arch  under  the  combined  action  of 
H'   and  31^,    we   have    to   substitute   again   in    the   general   equation 

d  s  =  M  X  j^j  (moments  referred  to  Point  X,  movement  of  Point  2)  in 

one  case,  H'  R  [I  —  cos.  {a  -\-  0)J,  and  in  the  other,  M^  for  M;  and  in 

both  cases,  2  R  sin.  -^  for  x,  and  R  d  c{)  for  d  x;  and  remembering 

that  the  movement  produced  by  M^  is  in  the  opposite  direction  to  that 
produced  by  H',  we  have : 

'^  'o.     =    ^W   ^^'  ^    t^  ^  '°'-  (''  +    '^^) J  -  ^^^^)  "i°-    -^   ^  •^- 

The  radial  comi^onent  of  this  movement  (the  arch  deflection  which 
in   a   curved   dam    will   produce   stresses    in    the   vertical   beams)  is 

d  D'      z=  d s'     COS.     ^  ,  therefore, 

a  a  2 

12  K- 

(l  D'^  ^  {H'  R  [1  —  COS.  (a  +  0)]  —  J/J  sin.  0  c/  0. 

Integrating  this  between  the  limits  (p  =  {a„  —  ex)  ^  y  and  0  =  0,  and 
substituting  the  values  of  H'  R  and  3/ ,  as  derived  from  Equations  7 
and  8,  "we  get 

d  D'    =C^ (9) 

in  which  Chas  the  general  value  given  in  Equation  9a 

_       2  sin.  a„  ,^                   ,    ,  sin.  a  ox 

C  = (1  —  COS.  y)  -\ ^r—  [2  r  —  sin.  2  y) 

,    COS.  a  ,         „           i\    .       3  a                               .  ,„   , 

+  ^— (cos.2r  — 1)  -  siSTo'^  + ''°^-  '^«  — * (^") 

When  a  =  0,  and  therefore  y  =  aro»  tlie  value  of  C'is  in  simpler  terms, 

2^in^„  (1  _  COS.  aj  +  cos.  2  a„  —  1 

C,  =  ^ — (9*> 

-^ — " h  cos.  «:„  —  4 

sm.  a„ 

and  again,  for  the  semicircle,  since  then  a^=.  -^, 

"'^tr, "'' 

2 
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Mr.  ShirrefEs.        The  diagram,  Fig.  22,  prepared  in  accordance  with  the  foregoing 

formulas,  will  enable  the  coefficient  C  C^  for  the  total  crown  deflection 

(embracing  both   the  effect  of  J  I'  and  M^,  and  the  axial  stress),  or 

G  G  n  R^ 

D^  = £-i- — ,  to  be  obtained  by  inspection,  for  an  arch  of  any  angle. 

Jit  I 

with  reasonable  accuracy.     The  form  of  Equation  9  does  not  permit  the 

general  value  of    G  G^  to  be  diagrammed,  except   for  a  fixed   value 

of  a„. 

It  should  be  remarked  here  that,  as  all  the  deductions  have  been 

based  upon  the  assumption  that  the  axis  of  the  arch  is  loaded  with  q 


i.W 

1           [           1           \       aR'^ 
Formula  =Dc  =  CCc  ^^ 

/ 

cc,.= 

?^^^(i-cos.ao)l+cos.2iao-l 

+(l-< 

os.ao) 

/ 

1.30 

sin.  0 

-  -1-  CO 

0 

*.ao- 

t 

/ 

/ 

1.20 

1.10 
1.00 

/ 

^ 

/ 

/ 

/ 

/ 

/ 

0.90 

/ 

/ 

y 

iO       30 


40        50       60 

Value  of  ao 

Fig.  22 


70 '     80        00      100 


per  unit  of  length,  it  is  necessary  to  insert  in  all  the  equations,  not 
the  value  of  q  as  it  exists  at  the  extrados  of  the  arch,  but  this  value 
multiplied  by  the  ratio  of  the  radius  of  the  extrados  to  the  radius  of 
the  axis.  It  may  also  be  noted  that  if  it  be  desired  to  obtain  the 
stresses  at  any  point  of  the  arch,  it  will  usually  be  close  enough  to 
combine  with  the  axial  stress,  q  R,  the  stresses  of  compression  or  ten- 
sion produced  by  the  moment,  M^  The  force,  H',  may  usually  be 
neglected,  as  it  has  been  iu  deriving  the  above  formulas,  as  it  is  (^uite 
small  in  comparison  to  q  R,  although  in  very  flat  arches  it  will  be 
necessary  to  take  the  eff"ect  of  H'  into  account.     If  it  be  considered 
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necessary  to  embrace  the  effect  of  H'  upon  the  arch  compi-ession  iu  Mr.  simj-effs,. 
the  formulas,  they  may  become  considerably  more  complex,  but  will 
yield  then  smaller  values  of   IP,  and  therefore  of  D,  than   the   fore- 
going.   The   moment   at    any  point,    a   degrees    from    the    crown,    is 
//'  i?  (1  —  cos.  a)  —  M,  or 

sin.  a,, 

,2       ■  —  COS.  a 

q  r  a„ 


M^  = 


6      3  a, 


.(10) 


-|-   COS.  a^ 


M^  becomes  0,  or  there  is  a  point  of   conti-ary  flexure  in  the  curved 
beam  used  as  an  arch  under  a  uniform  radial  load,  when  cos.  a  = 


— '■ — -,  or  in  the  semicircle  when  cos.  a=  — 


or  at  about  50^  from  the 


crown. 

Mr.  Woodard's  formula  for  obtaining  the  crown  deflections,  re- 
duced to  the  notation  thus  far  used  herein,  is, 


D.  = 


q  B"^       cot.  a^ 


=  C", 


q  R' 

EV 


and  he  further  assumes  that  intermediate  deflections  will  be  propor- 
tional to  the  angular  distance  from  the  crown.  Table  7  compares 
the  deflections  thus  obtained  in  an  arch  ha\"ing  ar„  =  74^  (Arch  No. 
1  in  Profile  No.  2  iu  Table  6)  with  the  deflections  of  the  same 
arch  considered  as  a  curved  beam,  the  coefficients  requiring  to  be  mul- 

tiplied  by    „  ,  in  both  cases  to  obtain  the  actual  deflections. 


El 


TABLE   9. 


or  = 

0° 

14°  48- 

29°  36' 

44°  34- 

59°  12' 

CC 

Ratios  to  CC    

1.2S8 
1.000 

1.714 

1.000 

0.72 

0.833 
0.678 

1.371 

U.800 

0.61 

0.722 
0.588 

1.028 
0.000 

0.70 

0.483 
0.394 

0.686 
0.400 

0.70 

0.211 
0.172 

CC- 

0.343 

Ratios  to  CC^ 

Ratio  ^^   

0.20J 
0.61 

C  C" 

It  will  be  seen  that,  although  the  deflections  of  the  curved  beam 
are  at  all  jjoints  much  less  than  those  resiilting  from  the  approximate 
method,  there  is  no  great  departure  from  proportionality  except  near 
the  crown.  It  will  be  interesting,  also,  to  note  the  division  of  the 
total  load  between  the  arches  and  an  intermediate  beam.  The  folloAv- 
ing  figures  refer  to  the  beam  in  Profile  No.  2,  which  is  situated  29°  3K' 
from  the  crown,  the  notation  being  that  used  before. 
Joint. 


Q    

63  280 

112  500 
74  900 

0.577 

168  750 

P    

u-\-v 

I      

21  420 

145  210 
0.743 

0.872 
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Mr. shineffs.  Comparinf(  these  figures  witli  those  given  in  the  latter  part  of 
Table  6,  it  will  be  seen  that  the  intermediate  beams  carry  a 
greater  proportion  of  the  load  than  the  middle  beam;  in  other  words, 
the  deflections  of  the  shorter  beams  are  reduced  more  rapidly  than 
the  deflections  of  the  arches.  This  change  in  the  condition  of  the 
arch  load  from  j^erfect  uniformity,  of  course,  will  have  a  tendency 
toward  a  readjustment  of  all  deflections  and  loads.  It  would  have 
been  interesting,  to  the  writer  at  least,  if  time  had  permitted  the 
working  out  of  a  profile  with  a  practical  top  width  and  also  such  as  to 
avoid  tension  at  all  points,  but  this  has  been  imjjossible. 

In  all  that  j^recedes,  the  investigation  of  the  problem  of  the  curved 
dam  has  been  conducted  upon  the  supposition  that  the  various  arch 
slices,  into  which  the  dam  is  divided  for  calculation  of  movements 
and  stresses,  are  perfectly  free  to  move  relatively  to  each  other,  and 
tliat  only  as  a  part  of  each  became  in  turn  a  part  of  some  vertical 
beam  would  there  be  a  composite  action  of  the  masonry  of  the  dam. 
But  the  several  arch  slices  are  not  free  to  move  relatively  to  each 
other;  they  react  on  each  other  in  such  a  way  as  to  prevent  the  full 
shortening  under  the  nxial  stress  due  to  the  load  which  is  actually 
carried  by  them.  This  third  composite  action  of  the  masonry 
virtually  brings  into  play  a  second  set  of  vertical  beams,  resisting 
movement  this  time  in  the  direction  of  the  axis  of  the  dam,  instead  of 
transversely  to  this  axis,  and  resisting  it  more  efi"ectually,  too,  than 
the  transverse  beam  can,  because  each  axial  beam,  in  the  dam  built 
in  a  triangular  valley,  is  reacted  upon  by  a  beam  of  diminished  height 
and  therefore  of  greater  power  of  resistance.  But  even  in  the  case  of 
a  dam  the  bottom  of  which  should  be  level  throughout  until  the  com- 
mon vertical  abutment  of  all  the  component  arches  was  reached,  a 
case  scarcely  to  be  met  in  practice,  the  axial  beams  would  still  exert 
a  restraining  force  on  the  movement  of  the  ujjper  arch  slices.  The 
eff'ect  of  this  second  set  of  vertical  beams  must  be  to  transfer  the 
eff"ect  as  to  average  axial  compression,  and  therefore  as  to  deflection 
of  each  upper  arch  slice,  of  some  portion  of  the  load  on  this  upper 
slice  to  a  lower  one,  but  at  a  point  nearer  the  final  point  of  support. 
In  other  words,  every  load  upon  a  curved  dam  is  divided  into  three 
parts,  one  part  passing  through  a  horizontal  arch  to  its  abutment, 
another  part  by  the  aid  of  the  vertical  axial  beams  into  the  abutment 
of  some  lower  arch  slice,  and  the  third,  and  probably  in  an  arch  of 
moderate  radius,  at  least  as  regards  the  loads  near  the  top,  much  the 
smallest  part,  through  the  transverse  vertical  beams  ■  into  their 
foundation. 

While  it  may  not  be  possible  to  submit  this  very  complicated 
action  of  the  several  resistances  of  the  masonry  of  the  curved  dam  to 
a  satisfactory  mathematical  analysis,  there  can  be  no  doubt  that  the 
resistance  last  referred  to  plays  a  very  important  part  in  the  stability 
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of  such  structures.  lu  the  writer's  opiniou,  it  accounts  entirely  for  Mi'Shin-offs 
the  existence  at  the  present  time  of  the  Zola  Dam  in  France  and  the 
Bear  Valley  Dam  in  the  United  States.  The  former,  built  in  1843 
and  curved  to  a  radius  of  158  ft.,  has  a  height  of  120  ft.  and  a  base  of 
4-3  ft.  {b  =:  0.3G),  while  the  latter,  built  in  1884,  is  curved  to  a  radius 
of  335  ft.,  and  is  only  8.42  ft.  thick  at  a  point  44  ft.  below  the  water 
line  (6  =  0.18).  In  the  latter  structure,  especially,  computation  by 
the  method  herein  first  discussed  w'ould  undoubtedly  show  the  exist- 
ence of  large  tensile  stresses  over  probably  the  entire  base.  While 
the  consideration  of  the  axial  vertical  beams  may  not  warrant  the 
adoption  of  a  profile  which  shows  such  stresses  when  thus  computed, 
it  should  certainly  inspire  confidence  in  one  free  from  tension  when 
thus  analyzed.* 

As  to  the  effect  of  temperature  changes,  unfortunately,  there  are 
few  data  with  which  to  work.  There  is  for  instance  an  almost  entire 
lack  of  information  as  to  the  penetration  into  the  body  of  a  massive 
masonry  structure  of  the  effect  of  the  exterior  seasonal  changes.  With 
the  facility  afforded  by  electrical  methods  for  measuring  such  effects, 
it  is  to  be  desired  that  every  engineer  who  builds  such  a  structure  at 
the  present  time  should  make  the  inexxsensive  preparation  required 
to  observe  in  this  manner  the  temperature  changes  in  the  interior  of 
the  mass.  The  writer  believes  that  where  a  i-adius  short  enough  to 
develop  the  economic  advantage  of  the  curved  dam  can  be  adopted 
(and  this  seems  to  require  a  radius  not  much  greater  than  400  ft.), 
there  need  be  no  anticipation  that  temperature  changes  will  operate 
to  the  injury  of  the  structure. 

It  may  be  of  interest  to  call  attention  to  the  only  case,  within  the 
writer's  knowledge,  where  the  movements  of  a  masonr}'^  dam  have 
been  actually  observed.  The  case  is  that  of  the  dam  at  Remscheid, 
Germany,  built  by  Professor  Intze,  the  results  of  such  measurements 
being  reported  by  him  in  the  Zeitschrlft  des  Vereines  deutticlier  In- 
genieure  for  1895.  A  brief  abstract  of  this  article  was  given  in  Engi- 
neering News  of  January  30th,  1896,  and  the  following  is  quoted 
therefrom : 

"Careful  measurements  have  been  made  to  ascertain  the  radial 
movements  *  *  *  clue  to  variations  in  pressure  and  temperature. 
The  former  have  caused  the  greatest  movement  at  the  center — l^g  ins. 
— while  at  symmetrical  points  between  the  center  and  the  wings  the 
observed  movement  was  -,-«  in.  The  greatest  effect  due  to  temperature 
changes  w-as  observed  during  a  very  hot  and  dry  summer  upon  the 
curved  surface,  and  was  v  in.  on  one  side  of  the  dam  against  only  i  in. 
on  the  other.  This  imsymmetrical  action  is  explained  by  the  fact 
thatthe  former  was  entu-ely  exposed  to  while  the  latter  was  largely  jiro- 
tected  against  the  influence  of  the  sun.  The  author  believes  that  if 
the  dam  had  not  been  curved  these  movements  would  certainly  have 
produced  cracks." 

*  The  above  was  written  before  reading  the  remarks  of  Mr.  P'rizell.  p.  1.35,  in  dis- 
cussing the  same  point.  It  is  allowed  to  stand,  as  at  least  emphasizing,  and  perhaps 
making  a  little  clearer,  the  action  to  which  Mr.  Frizell  calls  attention. 
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Mr.  Shirreffs.  It  may  1)6  cadded  that  the  dam  was  al)Out  13  ft.  wide  at  the  top  and 
49  ft.  wide  at  the  bottom  where  the  height  was  greatest  (about  82  ft.), 
the  down-stream  face  curving  vertically  between  these  points.  The 
horizontal  radius  of  the  up-stream  face  at  the  top  was  410  ft.  It  is 
interesting  to  compare  the  actual  movement  of  this  comparatively 
low  dam  Avith  the  deflection  of  only  ^  in.  which  Mr.  Woodard  computes 
for  the  LakeCheesman  Dam,  assuming  £"  =  3  000  000  lb.  per  sq.  in. 

In  concluding,  the  writer  desires  to  acknowledge  the  valuable 
assistance  rendered  him  by  Mr.  F.  F.  Moore  in  verifying  many  of  the 
deductions  and  computations.  This  assistance  was  the  more  aiij^re- 
ciated  becaiise  it  was  rendered  through  love  for  his  profession. 
Mr.  wisner.  George  Y.  Wisner,  M.  Am.  Soc.  C.  E.  (by  letter). — The  w^ork  dis- 
cussed in  this  paper  is  particularly  interesting  at  the  present  time, 
for  the  reason  that  a  number  of  dams  are  likely  to  be  constructed  in 
the  near  future,  under  somewhat  similar  natural  conditions,  for  the 
storage  of  flood  waters  for  irrigation  purposes  in  the  West;  and 
especially  as  the  structure,  as  comjjleted  under  the  present  Chief 
Engineer,  A.  E.  Kastl,  M.  Am.  Soc.  C.  E. ,  is  one  of  which  the  engineers 
who  designed  and  supervised  the  work,  and  the  contractors  who  con- 
structed it,  may  well  feel  proud. 

Many  of  the  large  undertakings  of  recent  years  have  been  criticized 
so  severely  for  faulty  construction,  both  as  to  design  and  workman- 
ship, that  it  is  refreshing  to  have  an  actual  example  of  completed 
work  in  every  way  sui^ei-ior  to  that  called  for  in  the  plans  and  specifi- 
cations under  which  it  was  biiilt. 

In  regard  to  the  rock-fill  dam,  originally  proposed  for  this  jiroject, 
the  structure  would  doubtless  have  answered  the  purpose  for  which 
designed  if  it  could  have  been  completed  before  being  subjected  to 
flood  overflow,  but,  from  a  professional  point  of  view,  the  dam,  as 
completed,  is  better  designed  to  meet  the  natiiral  conditions  and  to 
give  satisfactory  results. 

Knowing  the  inevitable  result  of  permitting  a  heavy  flood  to  flow- 
over  the  unprotected  top  of  a  partially  completed  rock-fill  dam,  it  is 
somewhat  surprising  that  greater  precautions  were  not  taken. 

In  the  case  of  a  rock  and  earth-fill  dam,  50  ft.  high,  soon  to  be 
constructed  in  the  Snake  Eiver,  in  Idaho,  the  plans  i^rovide  for  a  by- 
pass around  one  end  of  the  dam  of  such  dimensions  as  will  take  care 
of  the  flow  during  construction.  This  by-pass,  afterward,  will  be 
closed  by  regulatiag  gates,  for  emptying  the  reservoir,  and  a  thin, 
reinforced  concrete,  arched  dam  resting  on  the  gate  piers  and  abutting 
against  the  side  walls  of  the  by-pass. 

It  is  stated  in  the  paper  that  a  balance  valve  was  placed  at  the 
entrance  of  the  lower  tunnel,  for  the  purpose  of  regulating  the  out- 
flow, of  which  valve  no  description  is  given. 

It  is  a  well-kaown  fact  that  manv  of  the  devices  known  as  balance 
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valves  do  uot  work  as  such  in  actual  practice,  and,  as  the  writer  is  Mr.  Wisner. 
informed  that  the  one  in  question  has  never  been  operated,  it  would 
be  interesting  to  know  its  construction,   and  whether  it  is  likely  to 
meet  the  requirements. 

It  is  inferred  from  the  statements  of  the  authors  that  the  arch  tyjje 
of  dam  was  adopted  for  the  reason  that  such  type  was  better  adapted 
for  the  site  than  a  straight  dam,  and  was  no  more  expensive,  rather 
than  from  any  expected  additional  stability  to  be  derived  from  such 
form.  However,  it  appears  from  the  very  interesting  analysis  of  the 
stresses  in  the  dam,  given  by  Mr.  Woodard,  that  at  the  top  of  the  dam 
the  arch  carries  nearly  half  the  load,  6j!^  half  way  down  and  nothing 
at  the  bottom. 

When  it  is  considered  that  the  lower  100  ft.  of  this  dam  is  practi- 
cally an  immense  wedge  of  masonry  held  firmly  in  position  by  the  solid 
granite  of  the  canyon  walls,  preventing  any  tendency  to  slide  or  over- 
turn, it  is  probable  that  this  arch  really  takes  care  of  a  much  larger 
percentage  of  the  stress,  which  would  otherwise  be  transmitted  to  the 
foundation,  than  shown  by  the  analysis. 

It  is  assumed  in  the  analysis  that  the  modulus  of  elasticity  is  the 
same  for  the  vertical  sections  of  the  dam  as  in  the  horizontal  rings 
used  in  computing  the  pressures  transmitted  to  the  side  walls  through 
the  arch.  In  the  mid-stream  vertical  sections  of  the  dam,  the  concrete 
and  granite  boulder  masonry  constitutes  the  greater  portion,  while, 
for  the  upper  third  of  the  dam,  where  the  arch  is  most  effective,  the 
granite  masonry  faces  greatly  increase  the  average  modulus  over  that 
of  the  vertical  section.  The  writer  is  strongly  of  the  opinion  that  an 
analysis  of  the  probable  stresses  in  the  structure,  made  with  apj^rox- 
imately  correct  moduli  for  the  vertical  and  horizontal  sections,  would 
show  the  stability  to  be  much  greater  than  stated  by  the  authors. 

In  localities  having  as  wide  a  range  of  temperature  as  exists  in 
most  of  the  Western  States,  the  stresses  developed  in  dams  from 
changes  of  temperature  may,  under  certain  conditions,  exceed  those 
arising  from  the  water  pressure  on  the  face  of  the  dam;  and,  where 
reservoirs  are  likely  to  remain  only  partly  full  for  long  periods,  the 
use  of  steel  in  the  u])per  portion  of  the  structure  is  a  precaution 
worthy  of  careful  consideration.  In  the  case  of  a  straight  dam,  the 
tensile  strains  from  change  of  temperature  may  reduce  the  stability 
to  that  of  the  theoretical  section  generally  used  in  designs  for  grav- 
ity sections,  which,  with  the  uncertain  characteristics  of  the  mate- 
rials used,  cannot  be  considered  safe.  In  the  case  of  the  proposed 
Salt  River  Dam,  in  Arizona,  the  upper  100  ft.  of  the  dam  will  be  re- 
inforced with  steel,  and,  as  an  additional  iirecautiou,  the  masonry 
of  that  portion  of  the  dam  will  be  put  in  only  when  the  tempera- 
ture is  below  the  average  for  the  year,  thereby  insuring  either  normal 
or  compressive  stresses  for  most  of  the  time. 
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Mr.  Wisner.  During  the  excessively  cold  weather  of  the  winter  of  1903-04,  a 
vertical  temperature  crack,  some  30  ft.  long  and  J  in.  wide,  breaking 
directly  through  the  solid  granite  face  stones,  develojjed  in  the  Chees- 
man Dam,  which  closed  and  nearly  disappeared  Avhen  the  weather 
moderated.  In  a  straight  dam,  with  a  full  reservoir,  such  a  crack 
would  have  been  likely  to  develop  leaks  and,  possibly,  have  endan- 
gered the  structure,  but,  in  the  arch  dam  at  Cheesman,  it  did  no  prac- 
tical damage  whatever,  the  crack  only  extending  a  short  distance  from 
the  face. 

Taking  into  consideration  the  natural  conditions  at  the  site  of  the 
Cheesman  Dam  and  the  design  adopted,  it  is  probable  that  a  mid- 
stream cross-section  with  a  base  two-thirds  of  that  used,  would  have 
been  absolutely  safe— in  fact,  the  only  indication  of  seepage  that 
shows,  with  100  ft.  of  water  against  the  face  of  the  dam,  is  through 
the  narrow  granite  point  against  which  the  north  end  of  the  dam 
abuts. 

In  the  arch  type  dam,  such  as  that  described,  it  is  probably  true 
that  the  rigidity  of  the  structure  willj^revent  it  from  acting  as  a  theo- 
retical arch,  but,  since  the  transmission  of  stresses  through  the  struc- 
ture, either  vertically  or  horizontally,  pre-supposes  distortion,  it  is 
practically  self-evident  that  the  stresses  from  water  pressure  on  the 
face  of  the  dam  will  be  distributed  to  the  side  walls  by  the  arch,  as 
well  as  to  the  foundation  by  the  bending  movement  in  the  mid-stream 
vertical  section — the  amount  of  which  will  depend  ujaon  the  design 
of  the  dam  and  the  nature  of  the  materials  of  which  it  is  con- 
structed. 

The  substitution  of  a  granite  masonry  spillway  for  one  in  the 
natural  rock  of  the  granite  point  at  the  north  end  of  the  dam  has 
strengthened  the  structure  and  improved  its  appearance.  The  com- 
pleted dam  is  probably  the  best  example  of  modern  dam  construction 
in  the  United  States,  and  is  well  worthy  of  a  visit  by  engineers  inter- 
ested in  work  of  this  class. 
Mr.  Diiryea.  Edwin  Duryea,  Je.,  M.  Am.  Soc.  C.  E.  (by  letter). — About  a  year 
ago  the  writer  had  occasion  to  design  a  masonry  dam  for  a  site 
especially  favorable  to  the  arch  type.  Economy  made  this  type 
desirable,  while  the  presence  in  the  same  State  (California)  of  such 
successful  examples  as  the  Bear  Valley,  Sweetwater  and  Upper  Otay 
Dams  made  it  especially  advisable  to  use  the  arch  type  if  it  could  be 
shown  by  investigation  to  be  theoretically  justifiable.  An  investiga- 
tion, therefore,  was  made  with  some  care,  in  order  to  furnish  definite 
grounds  for  the  acceptance  or  rejection  of  this  type. 

The  structural  plan  investigated  is  shown  by  Figs.  23,  24  and  25, 
the  principal  dimensions  being  a  length  of  440  ft.  on  the  crest,  a 
maximum  height  of  126  ft.,  a  vertical  up-stream  face  having  a  radius 
of  200  ft. ,  and  the  down-stream  face  battered  6  in.  horizontally  to  12  in. 
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vertically.     Tliis  profile,  if  the  entire  water  pressure  is  assumed  to  be  Mr.  Duiyea. 
carried  by  arch  action  alone,   gives,  tbroughout  the   dam,  a  nearly 
uniform  arch  stress  of  about  12A  tons  per  sq.  ft.  of  arch  section. 

The  investigation  was  made  on  the  same  general  lines  as  given  in 
this  paper,  and,  while  not  exhaustive,  showed  conclusively  that,  for 
the  structure  and  conditions  assiimed,  only  a  small  jiroportion  of  the 
total  water  pressure  could  be  borne  by  arch  action  until  after  a  sliding 
or  giving,  to  develop  this  action,  had  occurred  on  several  horizontal 
planes,  and  especially  at  the  base  of  the  dam. 


NOTE; 

The  dotted  lines  iadicato  the  eleven  arch  laminae 
which  were  invcatigated:  the  *  being  in  each  case  the 
middle  point  of  the  lamina,  or  the  point  A  the  dttlcctiot 
of  which  wa^  determined  boih  for  arch  action  and  for 
cantilever  action. 


Scale  of  Feet 


Figs.  23  and  24. 


Fig.  25. 
The  computed  j^roportions  of  the  total  water  i^ressure  which  could 
be  borne  by  arch  action  before  such  sliding  occurred  vary  irregularly 
from  about  16%"  near  the  crest  of  the  dam  to  zero  at  the  base,  the 
average  at  twelve  points  equidistant  vertically  being  about  8  per  cent. 
These  proportions  are  shown  in  detail  in  Fig.  29.  They  are  only 
approximations,  being  in  each  case  for  the  middle  point  only  of  the 
horizontal  arch  lamina  in  question,  but,  at  least,  they  show  conclu- 
sively  that    (unless   sliding   has  occurred)  only   a  small  amount   of 
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Mr.  Duryca.  assistance  in  carrying  the  water  pressure  can  be  expected  from  the 
arch  form.  Reliance  on  arch  action,  as  justifying  a  section  thinner 
than  a  gravity  section,  therefore,  was  reluctantly  abandoned. 

It  seems  self-evident  to  the  writer,  however,  that  the  gravity 
section  should  be  built  in  an  arch  form  whenever  practicable,  as  a 
dam  arched  in  plan  will  generally  cost  but  little,  if  any,  more  than  a 
straight  dam  of  equal  section,  and,  in  case  of  a  failure  of  the  gravity 
section,  the  arch  action  will  be  developed  and  will  in  all  jirobability 
jjrevent  a  collapse  of  the  structure. 

Rough  apjjroximate  estimates  of  the  cost  of  a  dam  at  the  site  in 

qtiestion  were  made  on  five  plans,  as  follows: 

Percentages. 
1.— Gravity  type,  arched  in  plan.  ..  ..^340  000     100     152     136 
2. -Sweetwater  section,  arch  tyi^e..  .   230  000       68     103       92 

3.— Arch  type,  as  described 223  000       66     100       89 

4.  — Rock-lill  dam 330  000      97     148     132 

5.— Buttress  type 250  000       74     112     100 

The  gravity  type  referred  to  is  Wegmann's  practical  profile  No.  2. 
The  Sweetwater  section  is  that  of  the  Sweetwater  Dam  extended  down- 
ward for  a  greater  height  by  differences.  The  rock-fill  dam  is  10  ft. 
wide  on  the  crest,  with  an  up-stream  slope  of  1:1,  and  a  down-stream 
slope  of  I  horizontal  to  1  vertical.  The  buttress  dam  was  composed 
of  eight  semi-circular  arches  supported  by  buttresses  50  ft.  apart, 
center  to  center.  The  minimum  thickness  of  these  arches  was  5  ft., 
increasing  to  12  ft.  at  the  lowest  point  of  the  dam  by  steps  on  the 
down -stream  face,  the  up-stream  face  being  vertical.  The  buttresses 
were  7  ft.  thick  at  the  top  and  increased  by  steps  on  both  sides  to  15 
ft.  thick  at  the  base  of  the  highest  buttress. 

In  making  these  comparative  estimates,  the  same  price  per  cubic 
yard  of  masonry  was  assumed  for  Types  Nos.  1  to  3,  inclusive.  The 
price  per  cubic  yard  assumed  in  estimating  the  rock-till  dam  was  one- 
quarter  of  that  for  Types  Nos.  1  to  3;  while  the  price  assumed  in  con- 
nection with  the  buttress  dam  was  30%  in  excess  of  that  used  for 
Types  Nos.  1  to  3.  The  high  comparative  cost  of  the  rock-fill  dam  is 
due  mainly  to  its  bottom  width  being  greater  than  the  length  of  the 
narrow  gorge  forming  the  dam  site,  thus  allowing  a  great  spread  in 
the  base  of  the  rock  fill.  The  estimated  cost  of  the  buttress  dam  is 
relatively  high  because  it  was  not  jaracticable  to  locate  it  entirely  on 
the  narrow  dike,  as  could  be  done  with  Types  Nos.  1  to  3. 

In  all  five  types  considered,  floods  were  to  be  taken  care  of  by  a 
liberal  spillway,  east  of  the  dam,  through  the  natural  rock. 

From  the  five  plans  compared,  the  buttress  type  was  chosen  be- 
cause of  its  comparatively  low  cost,  in  conjunction  with  the  fact  that 
strict  analysis  justifies  the  structure  as  a  safe  one.  This  plan  was 
thoroughly  investigated,  and  full  stress  sheets  and  drawings  were  pre- 
l^ared.     The  maximum  allowable  stress  in  the  arches  from  water  pres- 
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sure  was  fixed  at  10  tous  per  sq.  ft.,  and  that  iu  the  Ituttresses,  from  a  Mr.  Duryea. 
combination  of  water  pressure  and  weiglit  of  masonry,  at  15  tons  per 
sq.  ft.  The  maximum  allowable  shear  iu  tlie  buttresses  was  fixed  at  5 
tons  per  sq.  ft.  The  buttresses  were  proportioned  so  as  to  keep  the 
resultants  of  horizontal  and  vertical  forces  within  the  middle  thirds. 
While  the  buttress  design  proposed  for  this  dam  lacks  conserv- 
atism, in  being  higher  than  any  buttress  dam  yet  built,  no  other  valid 
objection  can  be  made  to  it  except  the  possibility  (a  very  remote  one, 
even  in  California)  of  its  injury  by  earthquakes.  In  such  a  climate, 
no  possible  injury  can  occur  from  the  expansion  or  impact  of  ice. 

In  some  locations,  the  writer  believes  that  the  buttress  type  will 
give  a  dam,  not  only  much  lower  in  cost,  but,  in  addition,  much  safer, 
than  will  the  Wegmann  gravity  section.  This  section  seems  to  be  gen- 
erally regarded  as  safe  without  question.  It  makes  no  provision 
against  uplift,  however,  and  the  possibility  of  uplift  certainly  often 
exists.  At  the  site  described  by  the  writer  the  foundation  is  hard, 
sound  rock,  giving  an  opportunity  for  such  a  good  junction  with  the 
bed-rock  as  would  leave  little  chance  of  uplift.  At  this  site  the  only 
practical  advantage  of  a  buttress  over  a  gravity  dam,  therefore,  would 
be  its  saving  in  cost.  In  another  dam  designed  by  the  writer,  how- 
ever, about  30  ft.  high  and  having  to  pass  fioods  of  possibly  15  ft. 
in  depth  over  the  full  length  of  its  crest,  the  foundation  was  a 
rather  soft  serpentine.  In  this  case  the  writer  believes  that  a  buttress 
dam,  with  its  practical  freedom  from  the  possibility  of  uplift,  would 
be,  not  only  much  less  costly  than  a  "Wegmann  section,  but  also  much 
safer.  In  this  buttress  design  the  up-stream  face  was  made  sloping, 
6.4  vertical  to  10  horizontal,  with  the  down-stream  ends  of  the  but- 
tresses vertical.  It  was  proposed  to  strengthen  both  the  curtain  and 
the  buttresses  with  expanded  metal  and  rods,  though,  in  the  compu- 
tations for  strength,  no  account  was  taken  of  this  metal. 

In  the  following  are  given  the  assumptions  and  formulas  by  which 
were  computed  the  proportions  of  water  pressure  which  could  be 
borne  by  the  arch,  action  of  the  structures  shown  iu  Figs.  23,  24  and 
25.  The  formulas  were  develoi^ed  and  the  computations  made  by 
C.  B.  Wing,  Assoc.  M.  Am.  Soc.  O.  E.,  who  also  made  the  computations 
and  drawings  for  the  two  buttress  designs  mentioned. 

In  a  masonry  dam,  any  point,  as  A,  Fig.  23,  is  deflected  down 
stream  as  the  water  is  allowed  to  rise  to  the  top.  In  an  arch-type  dam, 
the  displacement  of  the  point.  A,  corresponds  at  the  same  time  to  the 
deflection  of  a  cantilever  beam  of  unit  length  along  the  dam  lietween 
two  transverse  vertical  sections,  and  to  the  deflection  of  an  arch 
lamina  of  unit  height  of  the  dam  between  two  horizontal  planes.  The 
deflection  as  a  cantilever  beam  is  caused  by  the  bending  moments 
induced  by  that  portion  of  the  water  pressure  carried  by  cantilever 
action,  and  the  deflection  as  an  arch  is  due  to  the  arch  contraction 
caused  by  the  uniform  thrust  induced  by  that  portion  of  the  water 
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Mr.  Duryea.  pressure  borne  by  arch  action.     SucL  a  vertical  cantilever  beam  and 
horizontal  arch  lamina  are  shown  by  dotted  lines  in  Fig.  23. 

The  total  water  jaressure  on  the  dam  will  be  shared  between  the 
two  systems,  arch  and  cantilever,  directly  in  proportion  to  their 
resjjective  rigidities,  or  inversely  as  their  deflections.  If,  for  any 
point,  A,  of  an  assumed  dam  section,  equations  be  developed  (1)  for 
the  deflection  of  the  vertical  cantilever  beam,  and  (2)  of  the  horizontal 
arch  lamina,  in  each  case  in  terms  of  the  total  unit  water  pressure  (or 
weight  per  cubic  foot  of  water),  a  relation  between  the  jjroportions 
carried  in  each  way  will  be  obtained,  and  the  amount  of  each  proj^or- 
tion  may  be  de;ermined.  The  comjiutations,  at  best,  were  very  com- 
l)lex  and  tedious,  and,  for  simplicity,  the  i^oints.  A,  were  taken  at  the 
centers  only  of  the  corresponding  arch  laminse.  The  method  used 
could  have  been  applied  to  other  points  of  each  arch  lamina,  but  the 
computations  would  have  been  still  more  complex,  and,  for  the  infor- 
mation sought,  it  seemed  unnecessary  to  do  so. 

Assiimpdoiis. — The  cantilever  beams  were  assumed  to  be  fixed  in 
direction  at  the  base,  with  planes  before  flexure  still  planes  after 
flexure.  The  arch  laminae  were  assumed  to  be  two-hinged,  or  change- 
able in  direction  at  each  bank.  These  two  assumptions  are  contra- 
dictory, and  both  tend  to  reduce  the  apparent  proi)ortion  of  pressure 
carried  by  arch  action.  They  were  used  for  simiilicity,  how-ever,  and 
as  being  suflicieutly  exact  for  the  end  sought. 
Nomenclature. — (See  Figs.  26  and  27). 
1. — Vertical  section  through  the  point,  ^.■ 

Let  h  =  height  of  dam  from  base  (below  A)  to  crest; 
b  =  thickness  of  dam  at  base  (below  A), 
x  =  height  from  base  of  dam  to  any  horizontal  section; 
/":=  thickness  of  dam  at  height,  x  =  i  (//  —  ./•). 
2. — Horizontal  section  through  the 
point,  A  : 

Let  s  =  span     of     horizontal 
arch     lamina    before 
being    shortened    by 
pressure ; 
r  =  mean  radius  of  hori- 
zontal    arch    lamina 
before    being    short- 
ened by  pressure; 
/j  =z  chord  of  half  of  hori- 
zontal    arch    lamina 
before  pressure  is  ap- 
plied; 
/_,  =  chord  of  half  of  hori-  r 

zontal    arch    lamina  Fig. 

after  pressure  is  apjilied; 
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T  =  thrust   on  liorizontal  arch  lamina  due  to  jiroportiou  Mr.  Duryea. 

of  water  pressiire  borne  by  it; 
e  =  total  shortening  of  chord,  /,,  due  to  the  thrust,  T; 
>/i  and  i/.y  =  ordinates  corresponding  to  l^  and  I.,; 
d  ^  y^  —  j/2  =  deflection  of  the  point,  A. 
3. — Water  pressures: 

Let  Tc  =  the  Aveight  of  a  cubic  foot  of  water  =  62.5  lb. ; 

k^  =  proportion  of   the  unit  weight  of  water  (number  of 

62.5ths)  which  will  be  borne  by  gravity  action; 
A-j  =  proportion  of   the  unit  weight  of  water  (number  of 
62.5ths)  which  will  be  borne  by  arch  action. 
4. — Compression  of  masonry: 

Let  E  =  modulus  of  elasticity  of  masonry  =  1  500  000  lb.  per 
sq.  in. 
The  value  of  the 
modulus  of  elasticity 
of  masonry  is  very 
variable  and  uncer- 
tain, and,  therefore,  it 
would  be  much  better, 
theoretically,  to  elimi- 
nate this  quantity 
from  the  final  equa- 
tion. This  was  not 
done,  however,  but  it 
apjDears  in  both  terms 
of  the  equation,  and  its 
eflfect,  as  will  be  seen 
later,  is  thus  practi- 
cally eliminated.  Fig.  27. 

Development  of  Efftation. — By  the  ordinary  theory  of  flexure,  the 
deflection,  d,  of  any  point,  A,  in  a  vertical  section  of  the  dam  of  unit 
length  (along  the  crest),  acting  as  a  cantilever  beam  and  subjected  to 
that  proportion  of  the  total  water  pressure  which  can  be  borne  by 
cantilever  action,  will  be  given  by  the  formula, 


(/  = 


b^  E 


X-, 


or 

~E  "^ 
for  the  section  under  consideration. 

This  formula  is  derived  as  follows:  While,  theoretically,  the 
formula  may  not  be  exactly  correct,  the  results  obtained  from  it 
must  be  a  very  close  approximation. 
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Mr.  Duryea.        The  dififerential  equation  of  ^^Unit  length 

the  elastic  curve  is 

(P  y  _  M 

where  M  =  momeut  of  the  ex- 
ternal forces; 

and        /  =  moment  of  inertia 
of    the    section   of 
beam. 
The    cantilever     beam     is 

formed  of  a  transverse  section 

of    the    dam,    of    unit   length 

(along  the  crest),  and  is  shown, 

with  the  water  pressure  acting 

upon  it,  in  Fig.  28. 

The  moment  of  the    forces 

acting    above    any    section,    :c 

linear  units  from  the  bottom,  is 
(h  —  x)  k 


^ 


Fig.  28. 


M. 


(h  —  x) 


{h-xf 


-k. 


2         ''''    ""'       3      ~~        6 
where  k  =  the  weight  of  a  cubic  unit  of  water. 

The  moment  of  inertia  of  the  rectangular   horizontal   section    at 
X  is 

breadth  x  height* 


/  = 


/  = 


height^ 


12 


~,  or,  as  the  breadth  is  unity, 


12 


_C-^'.)'   .. 


12 


3 

12  P 


=1^3(^--)^ 


(f  y  _M^  _  Vl[h  —  xfk}v'  _  2  7^3  k 
^°'^  dtfi~EI~%{}i-~xfh^'E       bfE' 

Integrating, 


and  again. 


d  x        b^^  E 

^=^-■^+(^2=0), 


and  finally,  as  Zi  =  2  b^, 

on,"     2 
W  =  -^  .T  . 

Replacing  y  by  the  symbol  for  deflection,  d,  and  k  by  Jc^,  the  propor- 
tion of  the  water  pressure  borne  by  cantilever  action,  the  equation 
becomes, 

d  =  — ^  x',  as  given. 
E 
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The  deflection  of  the 
horizontal  arch  lamina 
at  the  point,  A,  is  more 
difficult  to  obtain.  An 
approximate  determina- 
tion of  the  deflection  at 
the  center  of  a.  flat  arch 
may  be  made  as  follows  : 

Assnme  the  deflection, 
d,  to  be  due  to  a  decrease 
in  the  length  of  the 
chord,  /,  (Fig.  27),  the 
length  becoming  /j  after 
the  load  is  applied  ; 

d  =  i/i  —  i/o, 


Mr.  Duryea. 


15.0^ 


Si.l^ 


5^' 


/T^-i 


-rt- 


100!^ 


Fig.  29. 


let 
then 


3/1  =  '--  ^J 


A  = 


J/."^  + 


=  V     '"'  —  2  r  a  +  d^ 


+  T- 


^2  —   'i  ^> 

and,  since  the  arch  lamina  is  of  unit  thickness  vertically, 

The  thrust  or  compressive  force  in   any  arch   lamina,    .r,  will  be 
caused  by  the  water  pressure,  k^  {k  —  x),  at  that  lamina,  and  will  be 
T  =  k^{h  —  x)r. 
k„  (h  —  x)  r 


Therefore, 


and 


/' 


/.  =  /, 


let 
then 


fE 

/        ^^,  (ii  -  :c 

\  fE 

(  k„  (h  —  x)  r\    _ 

V^  YE      J  - "' 


0^ 


L  =  I  c. 


1/2 


-'l-sj^'^- 


=^0 


2  r  r<  +  (I-  + 


-)^. 


The  point.  A,  is  a  material  point  and  can  have  but  a  single  deflec- 
tion at  any  one  time.  The  deflection  in  the  arch  lamina  at  this  point, 
therefore,   must  necessarily  be  the   same   as  that   in   the  cantilever 
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Mr.  Duryea.  beam.      Then, 

^  =  3/1  —  .y-i  =  ^  X 

and  substituting  values  of  y^  and  y.^, 

[r  -  a)  _  J(r^_2.«  +  a^+9c^-    '[    =  ^^  ^. 

Substituting  in  this  equation  the  values  of  a  and  c,  and  replacing 
kg  by  its  equivalent,  {k  —  k^),  or  (62.5  —  k,j},  the  equation  is  as 
follows: 


-4 


J[.-.,.J._-^(.-->^] 


[>- 


K  (h-  -  ^) ,. 
fE 


]■ 


_  8(62.5-A-„)  , 
~  E         '^' 

which  gives,  after  simplification,  as  the  final  equation, 


_ 500-8^    2 

-         E         ""■ 
After  the  selection  of  any  j^articular  arch  lamina,  the  only  unknown 
quantity  in  this  equation  is  k^,  or  the  number  of  pounds  j^er  cubic 
foot  of  water  which  can  be  borne  by  arch  action. 

TABLE  8. — Data  and  Eestjlts. 


Numbers  of 
arch 

Data,  in  Feet. 

Results,  in  62.5ths,  and  in 
Percentages. 

laminae. 

r 

s 

h 

X 

b 

f 

fca 

k 

h 

1 

195 

194 

191.5 

189 

186.5 

184 

181.5 

179 

176.5 

174 

171.5 

309 

275 

341 

192 

146 

93 

67 

53 

44 

34 

25 

74 
74 
74 
79 
84 
119 
126 
136 
126 
136 
126 

60 
50 
40 
35 
30 
55 
5-3 
42 
32 
32 
12 

37 

37 

37 

39.5 

42 

59.5 

63 

63 

63 

63 

63 

10 
12 
17 
22 
27 
32 
37 
42 
47 
52 
57 

9.96  =  15.9%- 
♦7.34=11.7 
5.00=    8.0 
4.00=   6.4 

3.1  =    5.0 
9.4    =15.0 

*8.9    =  14.2 

6.2  =    9.9 
3.9    =    6.2 
1.95=    3.1 

*0.67=    1.1 

62.5  =  100% 

84.1% 

2 

88.3 

.S 

92.0 

4 

93.6 

.5 

95.0 

6 

85.0 

7 

85.8 

8 

90.1 

9 

93.8 

10 

96.9 

11 

98.9 

♦By  the  longer  method,  fc  =  7.4,  8.8  and  0.06  for  Laminae  Nos.  2, 7and  11,  respectively. 
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The  solution  of  this  equation  involved  a  great  amount  of  labor,  as  Mr.  Duryea. 
seven-place  logarithmic  tables  were  not  sufficiently  accurate  to  give 
correct  results,  and  it  was  found  necessary  to  make  the  comjiutations 
by  ordinary  multiplication.  The  jjroportions  borne  by  arch  action 
were  computed  laboriously  by  this  method  for  three  arch  laminae,  the 
data  and  results  being  given  in  Table  8.  An  extended  investigation* 
of  arch  dams  then  came  to  the  writer's  attention,  and,  by  a  formula 
for  arch  deflection  found  therein,  the  jiroportions  borne  by  arch 
action,  in  the  cases  of  the  three  laminse  already  investigated  and  in 
eight  others,  were  computed  in  a  few  hours. 

The  formula  in  question  may  be  found  on  jiage  82  of  Vischer  and 
Wagoner's  paper,  and  is  as  follows: 

in  which 

e  =  the  total  shortening  under  the  arch  pressure  of  half  the 

arch  lamina; 
d  =  the  deflection  of  the  center  point  of  the  arch  lamina; 
V  =  one-qiiarter  of  the  total  angle  (in  terms  of  the  radius)  sub- 
tended by  the  arch  lamina. 
From  the  theory  of  comin'ession  of  elastic  bodies, 
_  ^       _  k^  [h  —  x)  r 
"-fE^-         fE         '; 
where  the  vertical  thickness   of  the  arch  lamina  is  unity  and  the 
nomenclature  is   as  before,  except   that  I  now  represents  the  half 
length  of  the  arch  lamina  instead  of  the  length  of  the  half  chord. 
For  the  profile  being  investigated, 

and 

Therefore, 
but 

Therefore,  d  = 

as   an   expression  for   the  deflection  of   the  center  point    of  an  arch 
lamina. 

As  before,  the  deflection  of  the  same  point,  in  terms  of  the  deflection 
of  a  vertical  cantilever  Ijeam,  is 

8A:„   „       500  — 8A:„    „ 


d  = 


E  E 

The  deflection  of  the  arch  lamina  and  that  of  the  cantilever  beam 
must  be  the  same. 

♦Vischer  and  Wagoner.  "On  the  Strains  in  Curved  Masonry  Dams,"  Transactions, 
Tech.  Soc.  Pacific  Coast,  Vol.  VI,  Dec.  1889,  pp.  75-151. 
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Mr.Duryea.        Therefore.  j^^  ^  500  -  8  A:,  ^, 

111  Ml 

and  ha  r-  =  (125  —  2  Tc„)  a?  =  125  .y-^  —  2  :^  k^, 

k,^  (r2  +  2  .r")  =  125  x\ 

and,  finally,  A:,,  =    .,    ,    ' — -. 

By  this  formula  the  projaortion  of  the  total  water  jDressure  carried 
by  arch  action  was  comijuted  for  eleven  arch  laminse,  and  the  results 
obtained  are  given  in  Table  8.  The  close  corresjiondence  between 
the  values  as  computed  by  the  two  methods  is  notable,  and  seems  to 
be  a  check,  not  only  on  the  correctness  of  the  methods  and  comi3uta- 
tions,  but  also  to  show  that  the  choice  (in  connection  with  the  longer 
method)  of  a  value  for  the  modulus  of  elasticity  of  masonry  has  but  a 
small  effect  on  the  resulting  computed  proportion  of  arch  action. 

The  method  of  Messrs.  Vischer  and  Wagoner,  of  course,  is  much 
to  be  preferred,  both  theoretically  and  practically.  Their  valuable- 
study  of  arch  dams  seems  to  be  too  little  known  to  the  larofession. 
Mr.  Williams.  Gr-  ^-  WiijLiams,  M.  Am.  Soc.  C.  E. — To  the  speaker,  outside  of  the 
very  interesting  information  in  regard  to  the  methods  of  construction 
and  the  details  of  the  design  of  the  Lake  Cheesman  Dam,  the  most 
valuable  jjart  of  the  paper  is  that  by  Mr.  Woodard.  Engineers  have 
been  waiting  a  good  while  for  an  American  to  attack  this  problem  of 
the  analysis  of  the  relative  strains  set  up  in  a  dam  which  combines  the 
arch  and  the  gravity  sections,  and  they  should  feel  grateful  to  the 
authors  for  having  brought  out  a  solution  of  the  problem.  It  may  be 
remarked,  however,  that  where  a  dam  abuts  against  vertical  walls  the 
action  becomes  more  nearly  akin  to  that  of  a  plate  supi^orted  on  three 
edges  than  to  that  of  a  beam  fixed  at  one  end. 

In  looking  over  the  paper  and  the  illustrations,  other  possible  solu- 
tions of  this  problem  have  been  suggested,  and  it  may  b^  well  to  men- 
tion two  or  three  treatments  which  might  have  been  introduced,  per- 
haps with  no  better  results,  but  at  least  they  should  be  interesting. 

Undoubtedly,  all  have  been  imjiressed  with  the  fact  that,  to  start 
with,  there  were  two  solid  abutments,  and,  having  that  for  a  dam  of 
moderate  span,  and  by  moderate  is  meant  less  than  400  or  500  ft.,  there 
seems  to  be  no  other  type  that  combines  greater  stability  with  a  mini- 
mum of  material  than  an  arch,  pure  and  simple,  with  the  gravity 
section  eliminated. 

An  arch,  to  act  as  an  arch,  must  be  designed  so  as  to  have  a  consid- 
erable degree  of  elasticity,  or  the  arch  action  Avill  fail;  that  is  to  say, 
it  is  not  i)ossible  to  get  arch  action  with  very  thick  material  unless  the 
stresses  are  extremely  high,  and,  therefore,  the  authors  were  fully  jus- 
tified in  eliminating  from  consideration  as  an  arch  the  lower  section  of 
the  dam. 

In  casting  up  the  possibilities  at  the  authors'  site,  without  going 
into  the  matter  very  definitely,  it  appears  that  the  controlling  point  for 
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au  aroli  dam  was  at  an  elevation  of  about  150  ft.,  where,  on  account  of  Mr.  Williams, 
the  span,  a  radius  of  about  200  ft.  would  be  necessary.  Limiting  the 
stresses  to  those  computed  by  the  authors  for  the  existing  structure, 
it  appears  that  an  arch  of  about  2-5  ft.  thickness  would  be  required, 
and,  starting  with  that,  it  would  decrease  to  1  ft.  or  any  greater  thick- 
ness that  was  desu'cd,  at  the  top,  without  increasing  the  stresses 
beyond  those  which  the  authors  allowed  in  the  structure  as  they  de- 
signed it.  Their  stress,  as  they  show  it,  is  about  240  lb.  per  sq.  in.,  or 
35  000  lb.  per  sq.  ft.,  and,  taking  that  as  a  limiting  stress,  which,  all 
will  agree,  is  a  perfectly  safe  stress  for  masonry  of  this  character,  a  dam 
might  have  been  designed  for  this  place  having  a  maximum  thickness 
of  25  ft.,  and  from  that  reducing  to  any  desired  thickness  at  the  top; 
that  design  being  a  simple  vertical  cylindrical  arch  above  the  150-ft. 
contour,  and  being  of  smaller  radius  below. 

Another  solution  that  a^Dpears  in  this  case,  is  to  have  designed  the 
dam  as  an  inverted  cone,  and  the  spot  would  have  been  quite  favor- 
able for  such  a  treatment.  It  will  be  recalled  that  the  thrust  of  an 
arch  under  normal  loads  is  equal  to  the  jjressure  on  the  extrados  into 
the  radius  of  the  extrados — not  that  of  the  center  line,  as  is  often 
incorrectly  assumed — so  that,  by  varying  the  radius,  the  thickness,  or 
the  total  thrust  to  be  taken  by  the  arch,  may  be  varied.  Starting  in 
that  way,  it  would  be  i)ossible  to  make  the  dam  of  equal  strength,  but 
much  less  than  25  ft.  in  thickness  at  the  base,  if  such  were  desired. 
Whether  or  not  it  would  be  safe  involves  consideration  of  the  permea- 
bility of  the  masonry,  and  that  is  possibly  an  ojien  question  with  some. 

Still  another  treatment  would  have  been  to  make  the  base  of  the 
dam  a  segment  of  a  sphere,  and,  recalling  that  the  thrust  in  a  spher- 
ical dome  is  only  one-half  of  that  in  a  cylinder  of  equal  radius,  still 
less  material  might  thiis  be  used  in  the  base  of  the  dam,  and  then,  as 
the  upward  thrust  of  the  sphere  woiild  have  to  be  absorbed  by  the 
weight  of  the  material  above  it,  the  radius  of  the  sphere  would  be 
limited  to  that  giving  a  thrust  not  greater  than  the  weight  of  the 
material  above  its  eqiiator. 

These  are  only  offered  as  possible  solutions,  and  there  may  have 
been  reasons,  other  than  structural  ones,  for  not  adopting  such 
departures  from  former  general  practice. 

Not  long  ago  it  fell  to  the  speaker's  lot  to  design  a  dam  for  a  spot 
which  seemed  to  be  equally  well,  if  not  even  better,  suited  for  the  arch 
solution  of  the  problem,  and,  as  illustrating  a  purely  arch  design,  that 
location,  the  structure  designed,  and  the  structure  built,  are  shown  in 
Plates  IX,  X  and  XI.  This  site  was  in  the  vicinity  of  Ithaca,  N.  Y., 
about  2  miles  from  the  center  of  the  town,  and  the  work  was  designed 
for  the  Ithaca  Water-Works  Company. 

The  Six-Mile   Cheek  Dam. 
Location  and  CoHrf^Y/oMS.  — Six-Mile  Creek,  a  stream  having  a  quite 
precii3itous    drainage  area  of  about   48  sq.  miles  above  the  point  in 
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3Ir.  Williams,  question,  there  passes  in  a  nortlierly  direction  through  a  gorge  or 
miniature  canon  about  500  ft.  long  and  90  ft.  wide.  The  location 
selected  for  the  dam,  Fig.  1,  Plate  IX,  was  near  the  upper  end  of 
this  gorge,  where  the  rock  on  the  east  side  rises  to  a  height  of  90  ft . 
above  the  bed  of  the  stream,  overhanging  in  its  rise  4  or  5  ft.,  and  on 
the  west  side  a  similar  wall,  receding  6  ft.  in  its  height,  rises  70  ft. 
above  the  bed.  On  both  sides,  the  rock  was  surmounted  by  a  heavy 
deposit  of  drift  clay,  containing  boulders,  but  quite  impervious,  and 
rising  with  a  slope  of  nearly  30°  for  50  or  100  ft.  more.  The  rock  was 
the  bluish-gray  shale,  so  common  in  that  region,  traversed  at  inter- 
vals of  from  a  few  inches  to  several  feet  with  nearly  jiarallel  fissures, 
the  sides  of  which,  except  near  the  exjiosed  walls  of  the  gorge,  were 
in  close  contact,  and,  where  open,  the  seams  were  filled  with  fine  clay 
washed  in  from  the  covering  beds.  The  planes  of  the  fissures  were 
also  nearly  parallel  to  the  axis  of  the  gorge.  On  the  exposed  faces 
the  rock  was  weathered  for  a  depth  of  about  6  in.  to  a  varying  extent, 
thereby  showing  very  clearly  its  stratified  character;  Imt,  where  the 
weathered  surface  was  removed,  the  faces  of  the  fissures  showed  a 
smooth,  dense  rock  without  apparent  horizontal  seams,  except  at 
intervals,  usually  of  several  feet.  The  bottom  of  the  gorge  was 
covered  to  a  dej^th  of  about  6  ft.  by  a  dejoosit  of  sand  and  gravel, 
caused  by  the  construction,  a  few  years  previously,  of  a  small  dam  at 
its  outlet.  The  bed  itself  was  of  shale  rock,  similarly  fissured  and 
nearly  level  throughout  three- foiirths  of  the  width  of  the  gorge,  and 
I'ising  in  steps  of  about  4  ft.  near  the  west  wall. 

As  the  location  was  only  a  short  distance  above  the  city,  and, 
as  a  failure  of  the  structure  would  involve  considerable  financial  loss, 
not  only  to  the  citizens  generally,  but  especially  to  the  Water  Com- 
pany, whose  pumping  station  was  on  the  bank  of  the  stream  less  than 
a  mile  below,  it  was  at  once  apparent  that  a  type  of  dam  should  be 
selected  which  would  be  stable  against  all  possible  contingencies. 

The  conditions  being  such  as  to  call,  first  of  all,  for  an  overfall 
dam,  and  the  seams  in  the  bottom  running  longitudinally  of  the 
gorge  and  thus  possibly  permitting  percolation  and  an  upward  press- 
ure on  the  base,  ware  to  the  speaker  the  strongest  of  ai'guments 
against  the  adoption  of  a  gravity  section  of  the  ordinary  type  in 
this  location. 

Were  the  problem  presented  of  carrying  a  roadway,  even  for  the 
heaviest  kind  of  traflSc,  across  the  gorge  in  question,  no  one  would  for 
a  moment  think  of  laying  pipes  or  building  culverts  along  the  bottom 
and  filling  the  chasm  level  full  of  masonry  on  top  of  them,  nor  would 
he  put  in  a  series  of  piers  and  connect  them  with  short  plate  girders; 
but  the  one  obvious  and  correct  solution  would  be  to  span  thedejires- 
sion  with  an  arch  either  of  metal,  wood  or  masonry.  Bearing  in  mind 
that    the  arch,  under  vertical  moving  loads,    can  never  be  in  equi- 
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Fig.  ].— Site  of  Six-Mile  Creek  Dam. 


Fig.  2.— Building  the  Six-Mile  Creek  Dam. 
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librium,  but  must  always  resist  varying  beuiliug  moments,  and  that  Mr.  Williams, 
under  normally  applied  uniform  forces  a  eireular  rib  will  be  in  equi- 
librium, and  subject  to  na  bending  moments,  except  those  possibly  in- 
duced by  temperature  changes  and  the  compression  of  the  material 
itself,  which  are  also  similarly  possible  in  arch  bridges,  the  propriety 
of  applying  the  concrete  arch  to  the  problem  becomes  at  once  appar- 
ent, for  it  will  be  seen  that  the  only  possible  means  of  failure  for  a 
circular  arch  under  normal  uniform  forces  is  by  the  ultimate  crush- 
ing of  the  material;  and  the  conditions  of  the  i)ermeability  of  the  base 
or  foundation  rock  and  consequent  upward  pressure  underneath  the 
dam,  or  a  side  pressure  at  the  ends,  have  no  influence  upon  the  sta- 
bility of  such  a  structure  in  this  location.  The  only  possible  ways 
for  it  to  be  destroyed  by  natural  means  are  by  the  yielding  of  the 
abixtments  to  such  an  extent  as  to  cause  the  ultimate  crushing 
strength  of  the  material  to  be  exceeded,  or  by  the  direct  application 
of  such  a  pressure  as  to  bring  about  such  a  stress. 

Design. — One  of  the  chief  criticisms  directed  against  arch  dams  has 
been  that,  by  reason  of  the  rigidity  of  the  base,  the  arch  action  could 
not  be  developed  in  their  lower  part,  and,  while  the  speaker  is  not  one 
of  those  who  would  argue  that  a  barrel  is  weaker  against  external 
pressure  by  reason  of  having  the  heads  in  it,  yet,  to  overcome  this  ob- 
jection, and  avoid  as  far  as  possible  stresses  of  opi^osite  signs  acting 
at  right  angles  to  each  other,  a  condition  which  certainly  weakens  the 
material's  ultimate  capacity  to  resist  either  one,  recourse  was  had  to 
a  design  similar  to  that  introduced  in  an  egg-ended  boiler,  and  the 
base,  as  shown  by  Fig.  30,  was  made  of  the  form  of  a  portion  of  a 
torvis  or  ring.  The  whole  structure  was  to  be  90  ft.  in  height,  and  the 
radius  of  the  vertical  curve  of  the  base  was  20  ft.,  selected  so  that  the 
upward  thrust  at  Elevation  185  would  never  exceed  the  downward 
pressure  transmitted  through  the  material  above.  By  this  construc- 
tion it  became  possible  to  utilize  the  bed  of  the  stream  as  an  abut- 
ment at  t  s,  and  still  permit  of  elastic  deformations  and  true  arch  or 
dome  action  near  or  at  the  base.  By  inclining  the  radius  at  the  junc- 
tion of  the  torus  w'ith  the  superimposed  cylinder  at  h  r,  an  up-stream 
thrust  at  this  point  was  obtained  from  the  former  tending  to  oppose 
the  pressure  of  the  water  and  decrease  the  horizontal  circumferential 
thrust  in  the  cylinder.  Similarly,  the  inclination  of  that  portion  of 
the  structure  above  b  r  also  introduces  a  thrust  up  stream,  acting 
likewise  to  decreasd  the  horizontal  circumferential  thrust.  Above  this 
plane,  to  Elevation  250.10,  the  section  is  made  up  of  a  series  of  frus- 
tums of  conical  shells.  From  250. 10  to  254.25  it  is  a  segment  of  a 
ring,  and  from  254.25  to  the  crest  at  2G0.0  it  is  a  segment  of  a  conical 
dome.  The  radii  of  the  extrados  or  up-stream  face  are  shown  on  the 
left  of  the  section,  and  of  the  intrados  on  the  right.  The  maximum 
radius  of  the  extrados  was  67.75  ft.  and  that  of  the  crest  50  ft. 
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Mr.  Williams.  The  axes  of  the  two  faces  are  not  coincident,  that  of  the  down- 
stream face  being  2.25  ft.  up  stream  from  that  of  the  up-stream  face, 
thus  making  the  dam  somewhat  thicker  at  the  abutments  than  at  the 
center. 
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Fig.  30. 
The  shape  of  the  crest  was  selected  for  the  following  reasons: 
First,  a  form  was  desired  which  would  discharge  a  maximum  quan- 
tity of  water  at  heads  above  2  ft.,  and  the  one  selected  has  been  found 
by  experiment  to  approximate  closely  to  such  a  condition. 
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Fig.  1.— Preparing  the  Foundations  for  the  Six-Mile  Creek  Dam. 


Fig.  2.— Up-Stream  View  of  Ea.st  End  of  Six-Mile  Creek  Dam. 
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Second,   a  form  was   desired  wLicli  Avoiild   readily  permit  of  ice  Mr.  Williams, 
climbing  it,  and  tlie  slope  of  450  adopted  answers  this  requirement 
■well. 

Third,  a  form  was  desired  wbicli  would  insure  positive,  certain  and 
continuous  aeration  of  the  region  behind  the  sheet,  and  the  prevention 
of  the  formation  of  even  a  minute  vacuum  there,  and  the  large  space 
between  the  face  of  the  dam  and  the  falling  water,  in  fi'ee  commiinica- 
tion  with  the  air  outside,  effectually  jjrecludes  the  occurrence  of  a 
condition  which,  the  speaker  believes,  has  been,  to  no  small  extent, 
resi^onsible  for  the  failure  of  overfall  dams  in  the  past. 

Fourth,  a  form  was  desired  which  would  deliver  the  overfalling 
sheet  well  away  from  the  toe  of  the  section,  and  an  inspection  of  Fig. 
30  shows  that  this  condition  has  been  met. 

As  a  further  protection  to  the  bottom,  and  also  to  insure  a  uniform 
upward  thrust  at  h  r,  whether  the  pond  were  full  or  in  flood,  a  second 
dam,  15  ft.  high,  was  to  be  constructed  about  the  middle  of  the  gorge, 
170  ft.  down  stream  from  the  main  dam,  the  overfall  from  which  would 
be  received  in  a  pool  formed  by  the  old  low  dam  already  mentioned, 
which  is  210  ft.  farther  down  stream.  This  lower  or  middle  dam  was 
to  be  a  segment  of  a  frustum  of  a  cone  with  a  crest  radius  of  60  ft. 

Compulation  of  Stresses. — For  preliminary  purposes,  the  well-known 
formula,  T  =  p  R,  wherein  T  =  the  thrust  or  pull  in  the  sheet,  p  = 
the  normal  force,  and  R  =  the  radius  of  the  face  to  which  the  force  is 
applied,  may  be  used,  and,  were  the  section  cylindrical,  p  would  be 
the  water  i^ressure  and  R  the  horizontal  radius,  and  this  formula 
would  be  rigidly  applicable  for  the  determination  of  the  arch  stresses. 
As,  in  the  present  design,  the  faces  are  generally  inclined,  this  fact 
must  be  taken  into  account,  and  the  formula  becomes  T  =  p  R  sec.  i, 
R  being  still  the  horizontal  radius  and  i  the  angle  of  inclination  of 
the  face  from  the  vertical.     If  the  thickness  be  represented  by  F,  then 

the  unit  thrust,  t  ^- '    ,  for  a  section  one  unit  high,  omitting  the 

effect  of  the  inclination  in  producing  a  radial  thrust  opposite  to  T. 
As  this  counter  thrust  actually  reduces  T,  it  is  evident  that  stresses 
comijuted  by  the  foregoing  formula  will  be  greater  than  those  really 
existing  in  the  horizontal  circumferential  direction.  For  a  flood  10  ft. 
in  depth  above  the  crest  of  the  dam,  which  reqiiires  a  run-off  of  353 
cu.  ft.  per  sq.  mile  per  sec,  while  the  largest  flood  on  record  in  this 
stream  gave  less  than  100  cu.  ft.  and  would  require  about  4  ft.  head, 
the  approximate  thrusts  in  the  horizontal  arches  by  the  above  formula 
are  as  given  in  Table  9. 

The  thrusts  in  the  torus  base,  being  largely  absorbed  by  the  ver- 
tical arch  of  240  in.  radius,  give  much  lower  unit  stresses. 

For  a  final  and  more  accurate  determination  of  the  stresses,  the 
method  used  was  as  follows: 
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Mr.  Williams. 


TABLE  9. — Approximate  Stkesses  (ix  excess  of  real  stresses, 

EXCEPT   ON   OVERHANG   NEAR   CREST.) 
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A  vertical  slice  of  the  dam  at  the  center,  1  in.  thick  at  the  up- 
stream face,  was  cutout  by  vertical  radial  planes  and  divided  by  planes 
normal  to  the  up-stream  face  into  31  blocks,  of  which  Nos.  1  to  7,  in- 
clusive, are  on  the  overhang,  8  to  22  on  the  curved  upper  body,  23  is 
the  cylinder,  and  24  to  31  are  on  the  torus  base. 

Beginning  at  the  top,  the 
force  due  to  water  pressure  and 
that  due  to  the  weight  of  the 
block  above  the  plane  of  its  base 
are  combined  by  a  simple  tri- 
angle of  forces,  Fig.  31,  and  the 
resultant,  P,  resolved  into  a 
horizontal  component,  P,^,  and 
one  normal  to  the  base,  P„.  For 
the  next  section,  this  resultant, 
P,  is  combined  with  the  weight 
of  the  added  block  and  the  force 
due  to  pressure  upon  it,  and  a 
new  resultant  obtained  which 
is  resolved  as  above.      Then,  by 

Fig.  32,  the  forces  acting  on  the  block  in  question  are: 
P^  =  the  water  pressure 
on  the  face  of  the 
block  acting  nor- 
mally thereto; 
/■*„  =  the    component    of  Ptc 
the    total    press- 
ure,    P,    normal 
to  the  base; 
P,i_i  —  the    component   of 
the  total  pressure, 
P,  normal  to  the  Figr.  32. 

plane  of  the  top  of  the  block,  which  =  P„  for  the  section 
next  above; 
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jd  G  =  the  weight  of  the  block;  Mr.  Williams. 

T  =  the  horizontal  thrust  in  the  arch  ring; 
Ji  =  the  horizontal  radius  of  the  uiJ-stream  face; 
6  =  the  angle  which  the  top  and  bottom  faces  make  with  each 

other ; 
t/'  =  the  angle  which  the  side  faces  make  with  each  other; 
i  =  the  angle  •which  the  normal  to  the  up-stream  face  makes 
with  the  horizon. 
Strictly,  the  slice  should  have  been  cut  out  between  meridional 
Ijlanes,  in  whick  case  its  thickness,  if  1  in.  at  the  crest,  would  have 

been  ^    '      =  1.355  in.  at  the  cylinder;  or,  being  1  in.   thick  at  the 

cylinder,  it  would  have  been  0.738  in.  at  the  crest.  The  eflfect  of  this 
correction  would  be  to  reduce  slightly  the  components  of  G,  but  this 
is  compensated  for  by  taking  a  low  value  for  the  weight  of  the  mate- 
rial, 140  lb.  per  cu.  ft.,  and  by  neglecting  to  consider  the  weight  of 
the  metal  in  the  structure.*  At  the  base  of  Section  7  the  theoretical 
thickness  for  a  slice  1  in.  thick  at  the  cylinder  would  be  0.874  in.,  and 
the  thinness  of  the  sections  in  a  radial  direction  at  the  top  makes  the 
eiTor  possibly  introduced  of  small  practical  moment. 
For  equilibrium,  by  Fig.  32: 

Pu,  —  I  (^n  +  Pn-i)  ^iu-  2~~  "^  ^^  ^^^-  '  +  2  ^  ^i°-  2  ^°^-  '  I 
or, 

lb  6 

2  Tsin.  2  COS.  i  =  p,,  +  /^  G  sin.  /  —  (P„  -f  P„_{}  sin.  ^ 

li  H  =  the  total  horizontal  force  carried  by  the  horizontal  arch; 
JT,,  =  the  area  of  the  vertical  faces; 
Ff^  =  the  area  of  the  normal  faces; 
?  =  the  iinit  pressure,  jjer  square  inch,  on  the  horizontal  arch 

at  the  center  of  the  section; 
s  =  the  unit  pressure,  per  square  inch,  on  the  vertical  arch  at 
the  base  of  the  section; 
then 

H=2  Tsin.  ^  =  [;>,,—  (7'„  +  /'„_.i)  sin.  H  sec.  /  -j-  //  G  tan.  /.  (3) 

But,  by  the  dimensions  of  the  block,  sin.      =  i  in.  -f-  i?,  in  inches; 

therefore, 

^=27'  ;|  (4) 

or  T=HR (5) 

*  The  weight  of  the  concrete  alone,  without  the  added  boulders,  was  141.4  lb.  per 
cu.  ft.  The  brick  facing  weighed  144.4  lb.  per  cu.  ft.  and  the  iron  and  steel  averaged 
more  than  0.8  lb.  per  cu.  ft.  ot  the  entire  mass,  one-half  of  this  weight  being  within  2  ft 
of  the  crest. 


0, 


Mr.  Williams 
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TABLE  10. — Analysis  of  Stresses  in  Six-MrLE  Creek  Dam, 
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5  000 

5  830 

1269.0 

1478 

324.0 

22 

193.0 

195.0 

12  855 

16  260 

5  400 

6  220 

13.52.0 

1.560 

326.0 

23 

Cylinder. 

185.0 

189.0 

15  825 

19  490 

6  050 

6  900 

2  950.0 

3  202t 

682.0 

24 

182.8 

183.9 

16  620 

20  480 

6  200 

7  050 

833.0* 

884t 

158.0 

25 

i 

180.7 

181.8 

17  400 

21  300 

6  300 

7  160 

844.0* 

894t 

1.58.0 

26 

178. 6 

179.7 

18  140 

22  120 

6  3.30 

7  230 

856.0* 

907t 

155.7 

27 

J 

176.6 

177.4 

18  880 

22  890 

6  3.50 

7  260 

866.0* 

918t 

153.6 

28 

cc 

174.8 

75.7 

19  530 

23  540 

6  330 

7  230 

875.0* 

925t 

150.0 

29 

3 
^ 

173.1 

174.0 

20  120 

24  200 

6  200 

7  160 

885.0* 

933t 

142.5 

30 

o 

171.5 

172.3 

20  600 

24  800 

5  950 

7  020 

888.0* 

938t 

134.1 

31 

a 
O 

170.0 

170.7 

21  050 

23  350 

5  680 

6  830 

893.0* 

942t 

124.6 
2  5  863.5 

♦Component  of  water  pressure  on  down-stream  face  subtracted. 

§  Strictly,  /v',  for  center  of  gravity,  should  be  used,  since  forces  are  combined  there. 
By  so  doing  the  horizontal  thrusts  would  be  reduced  about  2V  at  the  top  and  73^J^  at 
the  cylinder. 
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Omitting  Influence  op  Attachments  at  Sides  and  Bottom. 
Computations.) 


Mr.  Williams. 
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4^ 
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3 
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"3 

OH 
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fe 

0 

^ 

0 

fe 
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(13) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(30) 

(31) 

(33) 

(33) 

O.OOO 

1.414 

1.000 

54.40 

13.45 

26.2 

291.0 

817 

98 

275 

11.1 

26.2 

0.000 

1.414 

1.000 

54.70 

15.26 

26.9 

345.0 

934 

103 

279 

12.8 

28.8 

0.487 

1..^5 

0.8% 

56.95 

1.93 

28.2 

36.7 

76 

90 

187 

13.4 

28.4 

0.4«7 

1.230 

0.713 

57.60 

2.06 

29.8 

14.5 

28 

33.7 

65 

13.5 

27.5 

0.487 

1.161 

0.600 

58.15 

2.18 

31.1 

0.7 

2:1 

1.5 

51 

14.1 

32.0 

0.487 

1.108 

0.414 

58.60 

2.28 

32.1 

10.9 

20 

23.3 

43 

14.7 

33.3 

0.487 

1.0G8 

0.306 

59.00 

2.48 

32.8 

9.3 

15 

18.4 

30 

15.3 

30.0 

0.010 

1.046 

0.277 

59.30 

2.57' 

33.2 

30.3 

54 

58.3 

104 

16.4 

29.1 

0.010 

1.040 

0.270 

60.05 

14.20 

40.7 

332.7 

566 

117 

199 

19.9 

32.0 

0.010 

1.035 

0.250 

61.15 

15.25 

45.9 

379.2 

611 

127 

204 

23.4 

35.0 

0.010 

1.030 

0.-.i37 

62.12 

16.98 

50.1 

482.4 

691 

147 

211 

27.6 

39.4 

O.OIO 

1.027 

0.228 

63.05 

18.55 

55.3 

563.5 

770 

160 

218 

30.6 

42.1 

0.010 

1.022 

0.200 

63.87 

19.85 

57.8 

636.5 

839 

170 

225 

35.1 

46.5 

0.010 

1.017 

0.171 

64.60 

21.10 

62.3 

705.3 

908 

180 

231 

38.3 

49.3 

0.010 

1.014 

0.150 

65.32 

22.45 

65.7 

774.9 

972 

188 

237 

42.0 

53.3 

0.010 

1.011 

0.130 

65.87 

22.90 

69.2 

841.0 

1036 

202 

248 

45.3 

56.4 

0.010 

1.01)7 

0.110 

66.36 

24.68 

72.3 

909.8 

1  106 

204 

2  48 

48.2 

59.5 

0.010 

1.005 

0.089 

66.74 

25.40 

76.3 

975.0 

1  171 

213 

257 

50.8 

61.7 

O.CIO 

1.003 

0.063 

67.08 

26.70 

79.6 

1  043.3 

1234 

218 

258 

53.3 

63.5 

0.010 

1.002 

0.O44 

67.33 

28.36 

81.0 

1  113.8 

1.304 

220 

258 

56.7 

66.8 

Q.OlO 

0.010 

1.001 

0.044 

67.52 

29.. 50 

85.0 

1  188.3 

1  380 

226 

263 

58.8 

6«.6 

1.001 

0.044 

67.67 

29.50 

87.6 

1  264.3 

1  4.55 

241 

278 

61.5 

71.0 

0.0022 

l.tXMi 

0.000 

67.75 

62.00 

87.6 

2  883.0 

3  125 

262 

285 

69.0 

78.8 

0.053 

1.0016 

0.0574 

67.70 

13.60 

87.0 

482.9 

487 

200 

202 

71.5 

81.0 

9.053 

1.0135 

0.1f>18 

67.46 

13.60 

85.5 

157.0 

117 

65 

48.3 

73.7 

93.7 

0.053 

1.0374 

0.2720 

67.00 

13.. 30 

84.0 

148.0 

107 

62 

44.9 

75.4 

86.2 

0.053 

1.075 

0.3'.)40 

66.28 

13.10 

81.6 

164.0 

116 

69 

48.9 

77.6 

89.0 

0.053 

1.128 

0.5223 

65.43 

12.80 

78.5 

157.0 

99 

67 

43.1 

79.6 

92.2 

0.05;^ 

1.201 

0.6t)57 

W.32 

12.10 

74.3 

175.0 

110 

78 

48.8 

83.5 

96.3 

0.0,53 

1.300 

0.8309 

63.07 

11.. 50 

69.9 

205.0 

131 

94 

59.8 

85.1 

100.4 

0.053 

1.434 

1.0282 

61.00 

10.70 

64.4 

259.0 

160 

124 

75.7 

88.3 

106.0 

t  Component  of  water  pressure  on  down -stream  face,  due  to  8  ft.  head  on  lower  dam 
subtracted. 

il  At  center  of  sections. 
1  At  base  of  sections. 
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Mr.  Williams.         ,  T       II R 

'^'i'^  ^  =  F'-^^r   (6) 

and  »=Zr ^7) 

For  R  aud  F,  iu  feet,  Equation  6  becomes 

'-H <«) 

Table  10  presents  the  elements  of  tliis  computation  for  a  full  pond 
aud  for  a  10-ft.  flood. 

Comparing  the  stresses  induced  for  the  two  cases,  Columns  20  to 
23,  the  interesting  fact  is  discovered  that  in  this  structure  the  unit 
stresses  in  the  horizontal  arches  of  the  torus  base — the  weakest  spot, 
apparently,  if  the  design  be  judged  by  inspection  simply — are  less  for 
the  case  of  a  flood  than  for  that  of  a  fiill  pond,  and,  in  sjaite  of  the  ap- 
parently thin  section  at  the  toe,  the  maximum  stress  is  only  124  lb. 
per  sq.  in.,  while  the  maximum  anywhere  in  the  structure,  under  as- 
sumed conditions  far  beyond  any  jjossible  contingency,  is  less  than  285 
lb.  per  sq.  in.  Using  the  radius  of  the  center  of  gravity  of  the  cylin- 
drical block,  which  is  approximately  63  ft.,   the  maximum  unit  stress 

■  in  the  dam  is  seen  to  be  77„-w^  X  285  =  265  lb.  jjer  sq.  in.,  or  19.08  tons 

per  sq.  ft. 

Owing  to  the  thicker  section  of  the  dam  as  it  ajiproaches  the  abut- 
ments, the  corresjionding  maximum  pressures  on  the  rock  are:  for  the 
east  abutment,  247  lb.  per  sq.  in.,  or  17.8  tons  per  sq.  ft. ;  and,  for  the 
west  abutment,  211  lb.  per  sq.  in.,  or  15.2  tons  per  sq.  ft.  By  way  of 
comparison,  it  may  be  recalled  that  the  pressures  on  the  foiiudations 
of  the  Rookery  Building,  iu  Chicago,  and  those  of  the  old  Brooklyn 
Bridge  are  given  as  400  lb.  per  sq.  in.,  or  28.8  tons  per  sq.  ft.,  while 
the  concrete  and  low-grade  rubble  base  of  the  Washington  Monument 
is  subjected  to  loads  of  525  1b.  per  sq.  in.,  or  37.8  tons  j^er  sq.  ft. 
There  are  also  a  number  of  unreinforced  concrete-arch  bridges  abroad 
which  have  been  standing  several  years,  in  which  stresses  greater  than 
300  lb.  per  sq.  in.  either  exist  continuously  or  occiir  frequently,  aside 
from  those  due  to  temperature  changes  and  rib  shortening. 

The  stresses  near  the  crest  are  amply  provided  for  by  the  crest 
casting  and  the  steel  channels  in  that  i^ortion  of  the  structure. 

Having  now  considered  the  conditions  of  full  pond  and  flood,  it 
remains  to  enquire  as  to  the  stresses  in  certain  parts  of  the  structure 
at  low  water,  and  when  the  pond  is  empty,  should  the  latter  condition 
ever  occur  after  the  completion  of  the  Avork.  Examining  the  hori- 
zontal thrusts  due  to  the  weight  of  the  dam,  it  was  found  that  for 
Sections  5  to  8,  inclusive,  the  outward  thrusts  are  decreasing  down- 
ward, whence,  in  an  ordinary  dome,  tension  would  occur  in  this  region,, 
and  should  in  that  case  be  resisted.     Any  yielding  in  the  haunches. 
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however,  must  be  accompanied  by  a  lowering  of  the  crest  at  the  center,  Mr.  wiiiams. 
and,  because  of  the  rigidity  of  the  abutments  in  this  case,  which  pre- 
vents spreading  along  the  chord  of  the  dam,  any  lowering  of  the  crest 
will  be  resisted  by  the  hyperbolic  arch  formed  along  the  vertical  plane 
through  the  crest,  and,  consequently,  the  hoop  usually  supplied  to  a 
dome  at  the  so-called  joint  of  rupture  is  not  needed  here,  although,  to 
relieve  the  small  tensions  which  might  occur  while  the  vertical  arch 
resistance  was  developing,  a  hoop  of  4  by  ^-in.  steel  was  i)rovided  at 
the  haunch. 

At  the  top  of  the  torus  base,  similarly,  tension  would  occur  with 
the  pond  empty,  were  it  not  that  a  system  of  piers  introduced  under 
the  heel  of  the  dam  acts  as  a  support  for  the  upper  masonry  at  such 
times.  These  piers  have  no  bond  with  the  body  of  the  dam,  which  is 
free  to  move  away  from  them  when  loaded,  but  they  act  simply  as 
wedges  to  keep  the  structure  erect  when  there  is  no  pressure  on  the 
back,  and  prevent  tensile  stresses  at  the  top  of  the  torus  base. 

As  already  stated,  in  the  design  of  the  Six^Mile  Creek  Dam,  an  at- 
tempt was  made  to  eliminate,  as  far  as  possible,  the  influence  of  the 
beam  or  cantilever  action  which  plays  so  extensive  a  part  in  the 
stresses  of  such  curved  dams  as  the  one  described  by  the  authors,  and 
the  Zola  and  Sweetwater  Dams,  and  even  the  more  rationally  designed 
Bear  Valley  Dam.  To  discover  how  successfully  this  has  been  accom- 
plished, the  midsection  of  the  dam  under  a  10-ft.  flood  was  subjected 
to  an  analysis  similar  to  that  presented  for  tbe  Lake  Cheesman  Dam. 
A  vertical  slice  of  the  dam,  1  ft.  in  thickness  circumferentially,  was 
taken,  and,  to  simplify  computations,  rectified  by  projection  upon  a 
vertical  tangent  to  the  cylindrical  portion,  and  this  was  divided  into 
six  sections  1.5  ft.  in  height.  The  average  moment  of  inertia  and  the 
resulting  deflections  for  each  section  were  computed  as  for  a  beam, 
and  then  the  average  deflection  of  each  section  as  an  arch.  The  re- 
sults are  presented  in  Table  11,  wherein,  adopting  the  authors' 
notation: 

a  =  height  of  section  ^=  15  ft. ; 

D  =  the  deflection; 

/=  the  average  moment  of  inertia  for  the  section; 

£■=  the  modulus  of  elasticity; 

X=  the  horizontal  component  of  load  on  the  section; 

T  =  the  thrust  of  the  horizontal  arch,  the  average  value  for  a  layer 
1  ft.  thick  being  used; 

L  =  length  of  the  arc  of  the  arch; 

A  =  area  of  arch  layer  1  ft.  thick; 

a  =  one-quarter  arc  of  arch  before  loading. 

From  Columns  18  and  19,  the  loads  carried  by  the  two  systems  of 
forces  being  inversely  as  the  deflections  under  the  same  load,  it  is 
seen  that  at  no  point  above  Elevation   185,  which  is  only  15  ft.   above 
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Mr.  Williams. 
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tlie  base,  does  the  beam  carry  one-half  of  1%  of  the  load,  and  it  is  also  Mr.  Williams, 
apparent  that  at  half  this  distance  above  the  base  the  beam  cannot 
•carry  as  much  as  1  per  cent. 

Therefore,  it  may  be  concluded  that  the  purpose  of  the  designer,  in 
this  respect,  has  been  accomplished,  and  that  the  stresses  presented  in 
Table  10  represent  fairly  the  conditions  in  the  structure. 

At  the  west  abutment,  where,  as  already  stated,  the  rock  did  not 
rise  to  the  height  of  the  crest,  the  thrust  in  the  upper  portion  of  the 
dam  was  taken  up  by  a  concrete  abutment  rising  to  Elevation  270, 
beyond  which  the  dam  was  continued  into  the  hillside  as  a  series  of 
elliptical  half  cylinders,  the  section  of  which  at  45°  was  a  circle,  and 
which  were  inclined  at  45°  and  cut  off"  10  ft.  above  the  crest  of  the 
dam  by  a  horizontal  plane,  the  cylinders  being  supjjorted  by  wedge- 
shaped  piers  under  their  springings. 

As  this  jiart  of  the  design  has  no  bearing  on  the  case  of  the  Cheesman 
Dam,  it  will  not  be  discussed  further  at  this  time. 

Material  and  Construction. — The  questions  of  material  and  construc- 
tion have  no  particular  bearing  upon  the  Cheesman  Dam,  wherein 
the  material  was  unquestionably  the  most  desirable  and  best  that  could 
have  been  used,  but,  as  considerable  interest  has  been  manifested  in 
these  matters,  and  as  a  description  of  the  Six-Mile  Creek  Dam  woiild  be 
incomplete  without  them,  they  will  be  added  here. 

The  body  of  the  Six-Mile  Creek  Dam  is  of  concrete  composed  of  1 
part  Alsen's  imported  Portland  cement,  2  jjarts  creek  sand,  2  parts  creek 
gravel  and  2  parts  broken  stone  from  drift  boulders,  crushed  to  pass 
a  4-in.  ring  or  less. 

The  voids  in  the  sand  amounted  to  about  42%  of  its  volume.  Mor- 
tar briquettes,  2  of  sand  to  1  of  cement,  7  days  old,  indicated  that  it 
had  a  strength  in  tension  equal  to  about  two-thirds  of  that  of  standard 
sand. 

The  creek  gravel  w'as  ordinary  drift  mixed  with  fragments  of  the 
shale  rock  of  the  region.  Where  the  latter  appeared  as  flat  stones  they 
were  broken  up  or  raked  out. 

The  crushed  stone  contained  about  \b%  of  selected  shale  from  the 
excavation  in  the  rock  walls,  the  remainder  being  field  boulders.  Flat 
stones  were  rejected  both  before  and  after  crushing,  as  far  as  a  reason- 
ably close  inspection  discovered  them. 

The  faces  of  the  dam  were  of  a  single  course  of  vitrified  paving 
brick  laid  in  a  mortar  of  1  part  Alsen's  cement,  1  part  creek  sand  and  1 
part  crusher  dust,  and  were  anchored  into  the  body  by  bent  steel 
anchors,  ^  by  ^  by  7-in.,  turned  up  \  in.  at  each  end,  placed  at  every 
fifth  brick  in  every  fifth  course.  On  the  up-stream  face  of  the  torus 
base  the  bricks  were  laid  with  the  flat  exposed,  elsewhere  with  the 
edge  exposed. 

The  brick  used  was  that  known  as  Catskill  block,  3  by  4  by  9  in.,  a 
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Mr.  Williams,  very  tborouglily  vitrified  sliale  brick,  weighing  144.4  lb.  \)eY  cu.  ft. 
They  were  generally  burned  so  highly  as  to  be  distorted  considerably 
by  tlie  beat.  Four  samples,  immersed  in  pails  of  water  for  four  months, 
increased  in  weight  less  than  one-tenth  of  1%,  and,  when  tested  end- 
wise in  compression,  failed  by  splitting  lengthwise  with  a  sharp 
report,  at  pressures  varying  from  2  300  to  4  600  lb.  per  sq.  in. 

Next  inside  the  brick  is  a  3-in.  mortar  face  of  the  same  mixture  as 
that  used  for  the  joints  in  the  brickwork,  which  was  laid  at  the  same 
time  as  the  concrete  body,  being  separated  therefrom  by  a  jjlate  of 
iron,  until  both  were  placed,  when  the  iron  was  withdrawn  and  all 
were  rammed  together.  Within  this  mortar  face,  and  as  close  to  the 
brick  as  convenient,  /.  e. ,  about  1  in.  away,  were  set,  above  Elevation 
185,  bands  of  3  by  rb-in.  steel  extending  aroimd  the  structure  every  4 
ft.  in  height,  and  united  through  the  dam  every  4  ft.  horizontally  by 
steel  rods,  -i  in.  in  diameter,  with  a  nut  at  each  side  of  the  bands.  At 
Elevation  185,  on  the  ujj-stream  side,  a  band  of  4  by  i^-in.  steel  was  used 
and  connected  to  the  opposite  3  by  ncin.  band  in  a  similar  manner,  to 
provide  for  possible  tensions  from  pier  to  pier  when  the  pond  was 
empty.  Over  this  steel  skeleton,  which  was  held  in  place  by  the 
horizontal  rods  extending  into  the  brick  faces,  there  was  laid  or  hung 
a  netting  of  crimped  A-in.  longitudinal  and  J-in.  vertical  wire  of  4-iu. 
mesh,  extending  from  abutment  to  abutment  on  each  face,  and  lapjjed 
one  mesh  and  wired  together  at  the  horizontal  joints  of  the  sheets. 
All  iron  and  steel  was  grouted  carefully  by  dipping  it  in  a  trough  as 
soon  as  it  came  on  the  work  and  before  it  had  time  to  rust,  and  the 
bands  and  netting  were  placed  as  close  to  the  outer  faces  as  possible, 
their  purpose  being  to  distribute  the  stresses  due  to  temperature 
changes  and  thereby  prevent  local  cracks.  The  mortar  and  concrete 
were  mixed  in  a  Ransome  mixer  located  about  150  ft.  up  stream  from 
the  dam,  and  the  material  was  placed  very  wet.  Into  the  body  of  the 
concrete  were  forced  one-man  stones  as  each  layer  was  put  in,  they 
being  carefully  set  with  bed  planes  normal  to  the  line  of  thrust,  and 
were  left  projecting  about  half  their  height  when  a  section  was  com- 
l)leted. 

The  brick  walls  were  first  laid  up  to  a  height  of  about  4  ft..  No.  10 
steel  wires  being  bedded  in  every  fifth  course  on  the  up-stream  side, 
and,  after  setting  about  two  days,  the  concrete  was  placed  between 
them,  they  making  the  forms  after  Elevation  185  was  reached.  No 
deformation  of  the  walls  was  detected  in  any  part  of  the  work,  although 
braces  on  the  up-stream  side,  used  at  first,  were  disjiensed  with  entirely 
as  the  work  progressed,  and  the  down-stream  side  was  left  entirely 
unsupported  all  the  time.  Fig.  2,  Plate  IX,  shows  clearly  the  method 
of  construction  and  the  appearance  of  the  work. 

The  foundations  were  carried  down  to  sound  rock,  usually  from  5 
to  6  ft.,  but  in  one  case,  for  a  short  distance,  to  18  ft.,  below  the  bed 
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of  the  stream .     The  longitudinal  seams  in  the  bottom  were  followed  Mr.  Williams, 
by  2  or  3-in.  drill  holes  for  from  4  to  6  ft.   below  the  bottom  of  the 
foundations,  and  the  holes  filled  with  plastic  clay  well  rammed.     Fig. 
1,  Plate  X,  shows  the  end  sections  of  the  torus  base  comi^leted,  and 
excavation  in  progress  for  the  middle. 

HandliiKj  of  the  Stream. — As  it  was  impossible  to  divert  the  stream 
from  the  gorge,  it  was  necessary  to  j^rovidc  for  carrying  it  through  the 
work,  and  the  design  contemplated  the  erection  of  the  portions  of  the 
torus  base  at  the  abutments  and  in  front  of  the  piers,  leaving  the 
intermediate  sjiaces  open,  but  making  all  excavations,  the  stream 
being  diverted  from  side  to  side  during  the  work.  Arches  were  to  be 
sprung  across  the  openings  thus  left,  and  the  dam  completed  above 
Elevation  185,  leaving  passages  through  the  base  of  sufficient  capacity 
to  deliver  an  ordinary  flood.  A  permanent  cast-iron  culvert,  5  ft.  in 
diameter,  was  also  provided  through  the  base  and  controlled  by  a  gate. 
After  the  upper  portions  of  the  dam  were  completed,  the  openings 
through  the  base  were  to  be  filled,  one  at  a  time,  at  low  water,  the 
culvert  then  being  able  to  carry  the  flow.  Fig.  1,  Plate  XI,  look- 
ing up  stream,  shows  the  base  at  the  west  end  of  the  dam,  and  the 
low-water  flow  of  the  creek  passing  through  the  oj^euiug  there  while 
the  center  of  the  base  is  building. 

The  Dam  as  Built. — When  it  became  noised  abroad  that  a  dam  90 
ft.  high  and  but  8  ft.  thick  at  the  base  was  to  be  built  only  two  miles 
above  Ithaca,  to  form  a  lake  of  60  acres  area,  many  people  immediately 
saw  visions  of  a  Johnsto-wTi  flood,  and  jirotests  began  to  appear  in  the 
public  prints.  The  plans,  meanwhile,  had  been  referred  to  four  prom- 
inent members  of  this  Society,  the  first  of  whom  withdrew  without 
making  any  report  either  favorable  or  unfavorable,  and  the  other 
three,  fully  cognizant  of  all  the  conditions,  including  the  action  of  the 
first,  reported  an  unqualified  approval.  In  due  time  bids  were  called 
for,  and  six  bidders  submitted  proposals.  Of  these  bidders,  four  were 
experienced  engineers  and  contractors,  three  being  members  of  this 
Society.  Not  one  of  them,  after  examination  of  the  plans,  specifica- 
tions and  location,  expressed  any  doubt  as  to  the  stability  of  the  struct- 
ure. The  tenders  were  received  on  unit  prices  for  the  several  kinds 
of  work  involved,  and  the  gross  bids,  exclusive  of  cement,  which  was 
furnished  by  the  Water  Company,  based  on  the  Engineer's  estimates 
of  quantities,  were  as  follows:"^  §63  365;  §55  795;  §44  280;  §38  957; 
^35  3(50,  and  §34  488. 

After  work  was  begun,  discussion  of  the  structure  continued,  and 
a  few  so-called  engineers,  who  had  never  seen  the  plans,  expressed 
themselves  in  condemnation  of  the  structure.  Several  others,  after 
examining  plans  and  location,  expressed  apjiroval,  and  others  still, 
perhajjs  more  discreet  than  either,  said  nothing.  The  citizens  of 
Ithaca  invoked  the  aid  of  the  State  Engineer,   the  State  Flood  Com- 
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mission,  aud,  finally,  the  State  Health  Commissioner,  and  injunction  Mr.  Wiiiiams. 
proceedings  were  threatened,  but,  api)arently  for  lack  of  the 
necessary  kind  of  engineering  advice,  were  never  brought.  The  break- 
ing out  of  a  ty])hoid  epidemic,  due  to  the  water  supply,  but  most 
probably  not,  as  charged,  to  the  infection  of  the  water  by  work  on  this 
structure,  raised  public  excitement  to  such  a  pitch  that  an  almost 
unanimous  vote  in  favor  of  municipal  ownership  was  taken,  although 
a  similar  proposition  had  been  defeated  less  than  a  year  before;  aud 
the  State  Health  Commissioner  announced  at  a  mass  meeting  that  his 
consulting  engineers  had  declined  to  approve  the  design  of  the  dam; 
but,  he  afterward  stated,  over  his  signature,  that  no  official  report  had 
been  made  to  him  on  the  subject. 

In  consequence  of  all  this,  the  company  decided  to  stop  the  con- 
struction of  the  dam  at  a  height  of  30  ft.,  and,  accordingly,  it  was 
built  on  the  original  lines  to  Elevation  193  and  finished  at  Elevation 
201,  with  a  crest  60  ft.  in  radius  overhanging  on  the  down-stream  side 
and  having  a  45°  up-stieam  slope,  as  shown  in  broken  lines  in  Fig.  30, 
and  photograjihically  in  Fig.  2,  Plate  X,  and  Fig.  2,  Plate  XI,  the 
former  being  a  view  of  the  up-stream  face  of  the  dam  at  the  east  end, 
and  the  latter  the  completed  dam  as  it  ai3pears  from  the  west  abut- 
ment. 

A  flood  of  3  ft.  depth  above  the  crest  went  over  the  dam  on  August 
31st,  1903,  before  the  runway  used  in  its  construction  had  been  re- 
moved. By  descending  a  ladder  at  each  end  of  the  dam,  it  was  pos- 
sible to  look  under  the  sheet  and  observe  the  face  of  the  dam.  A 
single  leak,  sui^plying  a  jet  about  half  the  size  of  a  lead  jjencil,  ap- 
peared about  8  ft.  above  the  base.  At  this  time  the  up-stream  face  of 
the  dam,  at  the  base,  where  the  brick  was  laid  up  against  forms,  had 
not  been  pointed.  Since  pointing,  neither  this  nor  any  other  visible 
leaks  have  appeared. 

A  Test  of  the  Brick  Facing  Arch. — During  the  construction,  when 
the  concrete  was  completed  to  Elevation  185  and  the  brick  walls  were 
up  about  4  ft.  higher,  ready  to  receive  the  concrete  filling,  the  work 
being  in  a  similar  condition  to  that  shown  by  Fig.  2,  Plate  IX,  the 
brick  arch  was  subjected  to  an  interesting  test. 

The  brick  walls,  4  in.  thick,  had  been  carried  to  a  height  of  52  in. 
above  the  top  of  the  concrete  on  June  19th,  1903.  The  down-stream 
wall  had  all  been  laid  within  ten  days,  having  been  finished  less  than 
a  week,  aud  the  up-stream  wall  laid  within  five  days,  a  stretch  of 
about  6  ft.  near  the  east  end,  where  the  runway  had  been  located, 
having  been  finished  that  afternoon.  A  heavy  rain  occurred  the  next 
day,  and  the  water  rose  to  siach  a  height  during  the  night  as  to  over- 
flow the  dam  to  a  depth  of  0.8  ft.  It  began  going  over  about  3  a.  m., 
and  was  still  overflowing  at  9:30  a.  m.,  the  maximum  height  probably 
lasting  for  2  or  3  hours. 
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Mr.  Williams.  As  the  water  rose  it  apparently  dissolved  tlie  mortar  in  the  short 
portion  of  the  wall,  about  6  ft.  long,  laid  the  day  before,  and  broke 
through  there  before  it  went  over  the  top,  for  the  down-stream  wall 
oijposite  this  place  was  bulged,  for  about  10  ft.,  from  nothing  to  about 
1^  in.,  the  maximum  being  at  about  two-thirds  of  its  height;  and  the 
up-stream  brick  wall,  near  the  opening  thus  formed,  was  tipped  over 
up  stream,  falling  to  the  bottom  of  the  pond  above  the  dam,  thus 
indicating  that  a  powerful  stream  of  water  had  recoiled  from  the  lower 
wall  against  the  concave  side  of  the  then  unsupported  upi)er  wall,  and 
wrecked  it.  At  the  far  end  of  the  dam,  the  up-stream  wall  fell  over 
upon  the  concrete  of  the  base,  showing  that  the  recoil  had  spent  itself 
before  reaching  that  part  of  the  work. 

In  spite  of  having  received  what  must  have  been  a  very  severe 
shock,  this  brick  arch,  52  in.  high,  4  in.  thick,  and  of  90  ft.  clear 
span,  with  an  uj^-stream  radius  of  58  ft.  1  in.,  stood  throughout  the 
flood,  and,  when  the  water  subsided  to  a  level  with  the  top,  no  leaks 
appeared  through  the  wall,  except  where  openings  had  been  left  for 
the  insertion  of  tie  rods,  and  the  wall  was  used,  as  originally  intended, 
without  any  repairs  or  alterations. 

TABLE  13.^Beam  Stkesses  in  Beick-Facing  Arch. 


Position 
from 

Part  of  Total 
Pressure  Carried 
BY  Beam  1  In.  Wide. 

Distance  of 
"j^      center  of  press- 
-—      ure  above  base, 

in  inches. 

^         Moment  at 
"w        base,  in  inch- 
^            pounds. 

Maximum  Stresses  on  Hori- 
zontal Mortar  Joints,  in 
Pounds  per  Square  Inch. 

abutment. 
(1) 

Percent- 
age. 

(3) 

Pounds. 
(3) 

Tension. 

(6) 

Compres- 
sion. 

(7) 

Shear. 
(8) 

Crown 

■iS  span. . . . 
A  span. . . . 
1%  span. . . . 
iV  span. . . . 

1 
87.3             58.32 
85.2       1      56.89 

83.1  j      54.81 

77.2  1      51.56 
08.0       j      45.45 

17.2 
16.9 
16.5 
15.8 
14.2 

1  004 
962 
905 
814 
645 

372 
357 
335 

301 
238 

380 
365 
343 
809 
246 

14.5 
14.2 
13.7 
12.9 
11.4 

The  stresses  set  uj)  in  this  thin  arch  have  been  examined  by  a  pro- 
cess similar  to  that  used  by  the  authors,  and  the  results  are  presented 
in  Tables  12  and  13.  One  point,  not  mentioned  before,  is  to  be  noted, 
viz.,  that,  in  considering  a  section  of  a  dam  as  a  beam,  its  action 
differs  from  that  of  an  ordinary  horizontal  beam,  since  it  does  not 
begin  to  deflect  until  the  load  becomes  sufficiently  great  to  overcome 
the  moment  of  the  weight  of  the  structure  itself  about  some  point  in 
its  base;  and,  if  upon  a  yielding  foundation,  this  point  will  not  be 
the  toe,  as  is  usually  incorrectly  assumed  in  dealing  Avith  the  over- 
turning    of     gravity    sections.       Allowance     for    the    weight    of    the 
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material  has  been  made  in  the  case  of  this  brick  arch,  but  was  Mr.  Williams, 
omitted  in  the  analysis  of  the  Six-Mile  Creek  Dam,  and,  apparently, 
in  that  of  the  Lake  Cheesman  Dam.  In  the  former,  by  reason  of 
its  peculiar  profile,  it  appears  that  the  moment  of  the  weight  might 
become  a  considerable  factor,  and  while  not  affecting  greatly  the 
deflections  in  the  upper  jjortions,  might,  to  an  appreciable  degree, 
reduce  that  at  the  bottom,  and  hence  the  total  deflections  of  the 
structure  as  a  beam.  Enquiring  into  this  matter,  the  total  weight 
of  a  slice  of  the  dam  1  ft.  wide  is  found  to  be,  by  Column  11, 
Table  10,  12  X  5863.5  =  70  3G2  lb.;  and,  by  inspection  of  the  profile, 
it  appears  that  the  center  of  gravity  will  be  somewhere  within  5  ft. 
of  the  point  of  rotation  at  the  base.  The  moment  of  the  weight  of 
the  structure  against  overturning,  therefore,  is  less  than  350  000 
ft. -lb.  The  total  water  i)ressure  on  the  1-ft.  slice  of  the  dam  under 
a  10- ft.  flood  is  50  x  62.4  X  90  =  280  800  lb.,  and  the  point  of  appli- 
cation of  its  resultant  is  approximately  32.5  ft.  above  the  base.  The 
overturning  moment,  therefore,  is  32.5  X  280  SOO  =  9  126  000  ft-lb. 
The  introduction  of  the  weight  factor  into  the  computations  of  Table 
11,  consequently,  would  reduce   the  bending  moment  for  the   beam 

280  800 
section  less  than  ^  .,  , ,  ,^^  =  3.07^,  an  amount  too  small   to  affect 
9  126  OvO 

to  an  important  degree  the  results  there  set  forth. 

The  values  of  the  stresses  given  for  the  brick  arch  in  Table  13  are 
computed  on  the  usual  assumption  that  the  modulus  of  elasticity 
of  the  brick  and  the  mortar  joints  is  the  same  in  compression  as  in 
tension.  The  tensions  represent,  not  only  the  tensile  strength  of 
the  mortar  in  itself,  but  also  its  adhesion  to  the  brick  siu-faces,  and 
the  same  is  to  be  said  for  the  shears.  Tests  by  briquettes  made 
of  2  parts  of  creek  sand  to  1  of  cement,  with  17%  of  water,  when 
one  week  old,  gave  270  to  300  lb.  per  sq.  in.  tensile  breaking  stress, 
and  at  two  weeks  375  to  400  lb.  The  replacement  of  1  part  of  the 
sand  by  1  part  of  the  crusher  screenings  probably  increased  the 
strength  of  the  mortar  somewhat,  so  that  a  tensile  stress  of  372  lb.  is 
within  the  probable  strength  limit  of  the  mortar  ten  days  old. 

It  is  noticeable,  in  such  a  long  and  slender  arch  as  is  represented 
by  the  brick  waU,  that  the  arch  deflections  at  the  crown  would  be 
much  greater  than  the  deflections  as  a  beam,  and  the  values  for  the 
portions  of  the  loads  taken  by  the  two  systems  are  to  be  looked  upon 
as  limiting  approximations.  The  beam  cannot  be  expected  to  carry 
more  nor  the  arch  less  than  these  quantities.  It  is  noticeable,  how- 
ever, that  the  thrust  of  the  arch  increases  toward  the  abutments  by 
reason  of  its  deflection  becoming  less.  As  the  radius,  thickness  and 
water  pressure  are  unchanged  from  jjoint  to  point,  this  increase  can 
only  be  provided  for  or  resisted  by  the  al)sori)tion  by  the  arch  of  some 
of  the  stress  credited  to  the  beam,  or  by  the  setting  up  of  shearing 
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Mr.  Williams,  stresses  of  varying  amounts,  along  horizontal  ])lanes.  It  follows  that 
anv  complete  analysis  of  the  stresses  in  this  arch,  or  any  one  in  which 
the  beam  action  is  an  important  factor,  must  involve  the  considera- 
tion, not  only  of  these,  but  also  of  secondary  stresses  set  up  by  the 
action  at  right  angles  of  primary  stresses  of  opposite  signs,  all  of  which 
makes  a  very  complicated  problem. 

In  the  Six-Mile  Creek  Dam  no  such  uncertainty  exists,  as  the  beam 
action  is  jiractically  eliminated,  and  the  only  secondary  stresses  to  be 
considered  are  those  due  to  rib  shortening  and  temperature,  the  for- 
mer of  which  cannot  be  nearly  as  serious  as  in  the  case  of  an  arch 
bridge,  with  its  necessary  bending  moments  under  both  dead  and  live 
loads,  and  the  latter  of  which  is  of  less  consequence  than  iii  such  a 
structure,  because  the  range  of  temperature  is  necessarily  less. 

It  appears,  then,  that  in  the  design  of  the  Six-Mile  Creek  Dam 
there  is  presented  a  structure,  which,  for  all  practical  considerations, 
acts  wholly  as  an  arch  under  uniform  normal  pressures,  the  equi- 
librium curve  for  which  condition  coincides  with  the  center  line  of  the 
section,  and  this  seems  to  prove  it  to  be  as  near  an  approach  to  the 
ideal  as  engineers  are  usually  able  to  accomplish  in  structures  of  its 
magnitude. 

The  work  was  executed,  under  the  speaker's  personal  supervision, 
by  Messrs.  Tucker  and  Vinton,  Inc.,  of  New  York  City,  who  used 
every  endeavor  to  produce  a  most  creditable  structure.  The  sjjeaker 
was  assisted  upon  the  construction  by  S.  C.  Hulse,  Jun.  Am.  Soc.  C. 
E.,  and  Mr.  Weston  E.  Fuller,  whose  care  and  interest  in  the  work 
also  merit  commendation. 
Mr.  Harrison.  c.  L.  Harkison,  M.  Am.  Soc.  C.  E.  (by  letter). — Engineers  who 
have  attempted  the  solution  of  similar  jiroblems  take  a  keen  interest 
in  the  subject,  as  indicated  by  the  number  of  discussions  presented. 
The  description  of  the  design  and  execution  of  other  works  at  dif- 
ferent locations  and  under  different  conditions,  which  is  really  addi- 
tional information  on  the  general  subject,  is  especially  instructive  in 
that  it  shows  such  a  possible  wide  range  of  design  and  evinces  a  desire 
to  improve  on  what  has  been  accomplished  in  the  past.  Such  a  spirit 
leads  to  real  jjrogress. 

It  apiiears  that  some  of  the  members  who  have  discussed  the  paper 
considered  it  a  presentation  of  the  relative  merits  of  the  arch  and  the 
straight  masonry  dam,  while  the  real  object  of  the  authors  was  to 
place  before  the  Society  an  account  of  the  design  and  construction  of 
a  dam  at  this  particular  location.  Also,  it  does  not  appear  to  be  fully 
understood  that  the  dam  was  designed  with  a  gravity  section  and  was 
curved  in  plan  because  this  form  fitted  the  contour  of  the  ground.  It 
was  believed  the  arch  would  give  additional  strength,  but  the  attempt 
to  determine  the  amount  approximately  was  an  after-consideration. 

Omissions. — To  present  all  the  features  in  detail  would  require  a 
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very  long  article,  and  perhaps  befog  the  main  question.  A  description  Mr.  Harrison, 
of  the  spillway  and  regulating  devices  was  purjiosely  omitted  in  the 
hope  that  A.  E.  Kastl,  M.  Am.  Soc.  C.  E.,  the  Chief  Engineer,  who 
comi^leted  the  work,  would  take  up  these  subjects  in  a  discussion  of 
the  paper.  The  suggestion  of  Mr.  Kuichling  that  more  space  should 
have  been  given  to  the  hydrology  of  the  catchment  basin  is  a  very 
worthy  one,  but  this  basin  presents  so  many  interesting  features  and  is 
so  markedly  different  from  those  of  the  Middle  and  Eastern  States,  that 
the  subject  is  worthy  of  a  separate  and  lengthy  pajjer,  which  may  be 
presented  at  some  future  time.  However,  it  may  now  be  noted  that 
this  catchment  basin  is  wholly  within  the  Rocky  Mountains,  at  an  ele- 
vation varying  from  7  000  to  12  000  ft.  above  sea  level.  The  precipi- 
tation is  nearly  all  in  the  form  of  snow.  These  conditions  make  a 
flood  during  the  winter  season  impossible.  In  fact  it  may  be  several 
months  before  the  snow  which  falls  in  the  deep  gulches  and  on  the 
northern  sides  of  the  mountains  melts,  and,  in  the  meantime,  a  portion 
of  it  evaporates,  and  a  considerable  portion  of  it  enters  the  ground, 
resulting  in  a  lower  and  less  rapid  run -off  than  for  water-sheds  where 
the  precipitation  is  in  the  form  of  rain. 

AUermtte  Designs. — By  referring  to  Fig.  1,  Plate  IV,  it  will  be 
seen  that  a  curve  of  about  400  ft.  radius  is  as  small  as  could  be  used, 
and  the  location  gives  the  shortest  sj^an  across  the  caiion.  The  long 
chord  or  span  of  the  dam  as  actually  constructed  is  about  610  ft., 
measured  between  the  ends  of  the  center  line  of  the  top  at  Elevation 
217  ft.  The  suggestion  of  Mr.  Shirreflfs,  that  a  radius  of  260  or  300  ft. 
might  have  been  adopted  with  economy,  could  not  possibly  be  followed, 
for  the  reason  that  the  dam  would  not  reach  across  the  valley  at  that 
elevation.  Likewise,  the  suggestion  of  Mr.  Williams,  that  an  arch 
dam  of  thin  section  might  have  been  used,  woiild  probably  not  have 
been  follow-ed  by  him,  as  his  suggested  maximum  span  of  500  ft.  for 
such  a  design  is  greatly  exceeded  at  this  location.  It  is  probable  that 
no  engineer  would  build  a  high  dam,  depending  wholly  upon  the  arch 
for  stability,  with  a  radius  greater  than  300  ft.  By  referring  to  Plate 
IV,  it  will  be  seen  that  the  bottom  and  sides  of  the  caiion  below 
Elevation  35  ft.  (foundation  of  dam  at  approximately — 10  ft.)  are  very 
irregular,  and  the  width  of  the  canon  is  aboiit  one-tifth  the  base  thick- 
ness of  the  dam.  B  etween  Elevation  35  and  Elevation  90,  the  masonry 
is  nearly  in  the  shape  of  a  keystone  wedged  in  between  the  walls  of 
the  canon.  As  pointed  out  by  Mr.  Wisner,  who  visited  the  work 
while  in  progress,  this  holds  the  lower  100  ft.  of  the  masonry  firmly  in 
position  and  prevents  any  tendency  to  either  overturn  or  slide.  Mr. 
Wisner  suggests  that  a  base  width  of  two-thirds  of  that  used  might 
have  been  adopted  with  safety,  though  the  amount  of  masonry  thus 
saved  would  not  have  been  large.  This  is  probably  true,  since  the 
conditions  make  it  practically  impossible  for  the  higher  unit  stresses 
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Mr.  Harrison,  at  the  toe,  given  in  Table  3,  to  be  realized,  but  the  additional  width  of 
base  gives  a  factor  of  safety  which  could  be  obtained  at  small  cost. 
Generally,  the  suggestions  for  a  different  design  are  for  a  lighter  sec- 
tion than  the  one  used,  and  no  doubts  have  been  expressed  as  to  the 
stability  of  the  structure.  When  the  consequences  of  failure  are  very 
great,  the  engineer  should  build  abundantly  strong.  In  addition  to 
satisfying  the  conditions  of  stability  from  an  engineering  standpoint, 
the  design  should  not  be  such  a  radical  dej^arture  from  established 
practice  as  to  make  it  impossible  or  difficult  to  finance  the  project. 

Temperature  Stresses. — The  phenomena  of  materials  expanding  and 
contracting  on  account  of  change  of  temperature  is  not  of  recent 
discovery  but  has  long  been  known.  In  metal  bridge  designs,  this  is 
provided  for  by  j^lacing  expansion  joints  at  certain  intervals.  Also, 
in  masonry  retaining  walls,  exjiansion  joints  are  often  placed  at  in- 
tervals of  25  to  50  ft.,  not  with  the  exjjeetation  of  preventing  tempera- 
ture cracks,  but  to  confine  them  to  those  i)articular  lines.  The  only 
way  to  prevent  them  is  to  maintain  a  uniform  temperature,  which  is 
practically  impossible.  As  pointed  out  by  Mr.  Gould,  the  wider 
range  of  temperatures  is  confined  to  a  few  feet  on  the  outside,  and 
the  interior  of  a  heavy  mass  of  masonry  may  undergo  little  or  no 
change  of  temperature.  This  makes  it  jjossible  for  such  cracks  to  be 
of  only  superficial  extent,  even  though  they  may  show  on  both  sides 
and  the  top  of  the  structure.  In  view  of  the  fact  that  so  few  actual 
determinations  have  been  made  of  the  changes  of  temperatures  in  the 
interior  of  large  masses  of  masonry,  it  may  be  well  to  postpQue  a 
discussion  of  the  subject  until  such  data  are  available.  It  is  to  be 
hoped  that  the  information  obtained  at  the  Boonton  Dam,  referred 
to  by  Mr.  Smith,  will  be  fully  presented  to  the  Society  as  soon  as  the 
observations  are  completed.  As  far  as  known,  there  has  been  no 
failure  of  dams  due  to  temperature  cracks,  and  engineers  who  have 
had  to  deal  with  them  api)reheud  but  little  danger  from  their  exist- 
ence. Mr.  Gowen  infers  from  his  observations  on  other  dams  that 
the  arch  form  is  less  likely  to  develoj}  temjierature  cracks  than  the 
straight  dam.  This  is  probably  true  to  a  greater  degree  for  a  thin 
arch  than  for  a  thick  one.  It  is  not  surprising  that  one  small  temper- 
ature crack  of  a  maximum  width  of  -^s  in-  developed  in  the  Cheesman 
Dam,  but  it  is  surprising  that  only  one  develojied  when  the  extent  to 
which  they  have  shown  in  other  structures  is  considered.  As  stated 
by  Mr.  Wisner,  this  crack  closed  during  tlie  following  summer. 

The  maps  and  plans  mentioned  by  Mr.  Maltby  were  studied  with 
interest,  but  neither  was  adopted  in  carrying  out  the  work.  The  lo- 
cations of  the  dam  and  spillway  were  fixed  by  the  contour  of  the 
ground  and  the  masonry  left  intact  after  the  destruction  of  the  rock- 
fill  dam.  All  the  maps  used  in  the  paper  were  made  from  original 
surveys,   and  it  is  not  surprising  that  two  contour  maps,   on  small 
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scale,  of  tho  same  ground  shoTild  be  very  nmcb  alike,  even  though  Mr.  Harrison, 
made  from  separate  surveys. 

It  is  gratifyiug  that  engineers  who  have  visited  the  Lake  Chees- 
man  dam  express  such  high  ai)])reciation  of  the  quality  of  the  work. 
The  unusually  good  conditions  for  securing  this  were: 

1. — An  earnest  desire  on  the  i^art  of  the  management  of  the  Com- 
pany to  have  the  best  that  could  be  built; 

2. — The  excellent  quality  of  stone  available; 

3. — ^The  interest  taken  by  the  contractors  in  the  work,  and  an 
honest  effort  to  build  it  in  a  thorough  manner; 

4. — The  intelligent,  faithful  and  cimstaut  watchfulness  of  the 
engineers  and  inspectors  resident  on  the  work. 

S.  H.  WooDARD,  M.  Am.  Soc,  C.  E.  (by  letter). — There  seems  to  have  Mr.  Woodard. 
been  a  misconception  of  the  scope  of  the  pajjer,  as  shown  by  the  dis- 
cussions of  some  of  the  members  and  the  technical  press.  The  jjaper 
was  not  intended  to  cover  the  entire  field  of  arch  dams.  Such  a  jiaper 
could  not  proi)erly  have  been  written  with  the  Lake  Cheesman  Dam  as 
its  subject. 

The  general  method  of  analysis  is  quite  as  applicable  to  the  thin 
arch  dam  as  to  such  a  dam  as  the  Lake  Cheesman.  In  fact  it  was  at 
first  developed  for  that  purpose,  and  it  is  believed  that  it  may  be  made 
to  give  much  more  exact  results  when  applied  to  thin  "pure  arch" 
dams,  than  when  used  as  in  the  paper.  It  solves  the  old  and  much 
discussed  question  of  the  effect  of  preventing  perfect  arch  action  at 
the  bottom  of  a  curved  dam  by  fixing  it  to  terrdfirma,  in  a  particularly 
convincing  and  satisfying  manner,  for  the  results  of  the  analysis  may 
be  checked  by  substitiiting  them  in  elementary,  well-known  and 
jjroved  formulas.  One  may  be  assui'ed  of  knowing  the  conditions  of 
stress  with  as  great  exactness  as  is  possible  in  any  masonry  structure; 
but  the  details  of  the  analysis  are  considerably  different  from  that  of 
a  case  like  the  Lake  Cheesman  Dam.  Not  only  that,  but  the  local 
conditions,  such  as  the  shape  of  the  valley,  introduce  considerable 
variation  in  the  details.  The  detailed  treatment  of  a  dam  in  a  box 
caiion  would  be  different  from  one  in  the  V'^liaped  valley  at  Lake 
Cheesman,  although  the  same  method  and  equations  would  be  used.  It 
did  not  seem  best  to  take  up  all  the  variants  of  the  problems.  It  will 
answer  some  of  the  questions  raised  to  say  that  this  method  of  analysis 
has  been  tested  by  applying  it  to  several  notable  existing  arch  dams, 
and  the  entire  evidence  from  these  tests  has  jiointed  to  its  correctness. 
These  computations  and  tests  also  indicate  that  the  thin  arch  dam  of 
moderate  radius,  properly  projaortioned  in  a  suitable  location,  is  a  thor- 
oughly stable  and  satisfactory  structure. 

Mr.  Gould  proposed  a  profile  for  an  arched  dam,  which  is  based 
upon  the  formula,  Q  =  P  R',  in  which  Q  is  the  unit  stress  of  the  arch, 
P  the  unit  thrust  of  the  water,  and  R'  the  radius  of  the  intrados  of  the 
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Mr.  Woodaid.  arch.  This  formula  is  strictly  applicable  only  in  the  case  of  linear 
arches,  but  is  approximate  for  thick  arches  in  case  R'  is  taken  as  the 
radius  of  the  extratlos  of  the  arch.  Had  Mr.  Gould  done  this,  the 
profile  (Fig.  17)  developed  by  this  formula  would  have  been  triangular. 

He  then  asks  the  question:  "'Can  the  thrust  of  the  water  in  the 
arch  dam  be  considered  as  being  transferred  totally  to  the  sides  of  the 
valley,  etc.  ?"  This  question  should  evidently  be  answered  in  the  nega- 
tive. Furthermore,  it  is  not  safe  thus  to  consider  it,  for,  by  fixing  the 
bottom  of  the  dam,  the  arch  near  the  base  is  somewhat  relieved  of 
load,  but  a  greater  loading  is  thrown  upon  the  arch  of  the  uj^ijer  part. 
This  complex  distribution  of  loading  usually  calls  for  a  considerable 
increase  in  the  thickness  of  the  upper  i)art  of  the  dam  over  what 
would  be  required  if  all  the  water  pressure  were  carried  directly  to  the 
sides  of  the  valley. 

Because  the  analysis  indicates  that  only  a  small  jjart  of  the  water 
pressure  is  carried  by  the  arch,  in  the  case  of  the  Lake  Cheesman 
Dam,  Mr.  Gould  intimates  that  there  must  be  discord  between  theory 
and  i^ractice,  and  cites  the  fact  that  many  very  light  arch  dams  already 
built  are  standing  intact.  As  the  same  theory  apjalied  to  the  same 
very  light  arch  dams  shows  that  the  arch  carries  nearly  all  the  water 
pressure,  the  same  thin  arch  dams  may  be  cited  to  show  the  accord 
between  theory  and  practice.  The  point  is  that  the  Lake  Cheesman 
Dam  is  so  rigid  as  a  gravity  section  that  there  is  not  much  chance  for 
the  arch  to  act. 

Mr.  Wegmann  says: 

"  If  these  formulas,  however,  are  to  have  their  full  practical  value, 
they  must  be  considered  sufficiently  reliable  to  enable  us  actually  to 
reduce  the  profile  of  a  '  gravity  dam',  when  curved  in  plan.  Probably 
few,  if  any,  engineers  would  be  willing  to  apply  Mr.  "Woodard's 
formulas  to  that  extent." 

Certainly  they  should  not  do  so,  for  these  very  formulas  throw  the 
weight  of  their  evidence  against  such  a  course.  They  indicate  that,  as 
a  matter  of  economy,  unless  influenced  by  local  conditions  such  as  at 
Lake  Cheesman,  either  a  jDure  gravity  dam  or  a  pure  arch  dam  will  be 
cheaper,  depending  upon  the  width  and  shape  of  the  valley  and  height 
of  the  dam.  Probably  many  engineers  would  be  willing  to  apply  the 
method  of  analysis  to  the  thin  arch  dam,  which  is  intended  to  carry  all 
or  as  much  as  possible  of  the  load  by  arch  action,  especially  when  it  is 
realized  that  the  results  may  be  checked  and  the  stresses  determined 
as  closely  as  is  possible  in  any  masonry  structure.  However,  it  is  not 
believed  that  enough  is  known  about  the  stress  in  masonry  to  make  its 
computation  possible  to  any  great  degree  of  exactness,  biit  the  thicker 
the  masonry,  the  greater  the  uncertainty,  and  it  is  probable  that  the 
thin  arch  can  be  computed  more  accurately  than  the  thick  gravity 
dam. 
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Mr.  Sliirreffs  proposes  three  refinements  to  be  used  with  the  method,  Mr.  Woodard. 
of  analysis  given  in  the  paper. 

The  first,  a  refinement  ii  pon  the  use  of  average  moments  of  inertia 
and  the  third,  a  more  refined  method  of  exjtressing  the  deflections  of 
the  arch,  are  both  points  which,  as  stated  in  the  paper,  were  consid- 
ered when  the  computations  were  made,  1)ut  as  the  ajiproximations 
there  \ised  were  on  the  side  of  safety  and  also  were  quite  as  well  known 
as  the  knowledge  of  the  condition  of  stresses  in  large  masses  of 
masonry,  it  was  considered  that,  at  least  for  the  case  in  hand,  it  would 
not  be  consistent  to  make  greater  refinements  in  the  computations 
than  the  assumptions  warranted.  The  writer  regrets  that  he  has  not 
had  the  opportunity,  since  the  publication  of  Mr.  Shirrefls'  discussion, 
to  examine  his  method  of  com pii ting  deflections  in  detail. 

The  second  modification  which  Mr.  Shirrefts  projaosesis  apparently 
an  error  on  his  part.  The  first  statement  of  this  is  not  very  clear.  He 
says:  "  The  deflections  of  the  arch  rings  were  computed  as  if  due  to 
the  constant  radius  of  the  extrados  of  the  arches."  But,  later,  in  the 
detailed  statement  of  the  arch  deflection  (page  162),  it  seems  that  he 
proposes  to  compute  the  deflection  as  though  the  water  pressure  acted 
directly  upon  the  center  line  of  the  arch.  There  the  thrust  in  the 
arch  is  taken  to  be  q  R,  where  R  is  the  radius  of  the  center  line. 

This  is  an  error.  The  water  pressure  is  upon  the  extrados  of  the 
arch,  and  its  magnitude  is  a  function  of  the  radius  of  that  curve.  This 
water  pressure  may  be  transferred  to  the  center  line  for  purjjoses  of 
computation,  but  should  not  be  reduced  in  magnitude  by  computing 
it  as  though  it  acted  directly  upon  a  linear  arch  coincident  with  the 
center  line  of  the  dam. 

This  error  accounts  for  the  greater  ])art  of  the  difi"erences  shown 
in  Table  6.  This  table  cannot  be  verified,  for  the  dimensions  of  the 
assiimed  dams  for  which  it  was  compiited  are  not  given,  further  than 
that  the  dams  are  180  ft.  high.  Assuming  that  the  jirofile  shown  iu 
Fig.  20  was  used,  the  error  in  computing  (^  iu  Table  6  would  vary  from 
\\  to  20  per  cent.  If  this  correction  were  made,  it  can  be  seen  that  the 
differences  which  the  table  was  intended  to  show  must  become  very 
small. 

Mr.  Williams  presents  a  dam  which  is  novel  in  two  respects:  First, 
in  the  extreme  overhang  at  the  top;  and,  second,  in  the  vertical  arch 
at  its  base.  There  seems  to  be  no  valid  objection  to  the  overhanging 
top  if  properly  proportioned,  and  Mr.  "Williams  has  advanced  many 
good  reasons  for  it. 

The  vertical  arch  feature  seems  to  have  been  introduced  from  no 
reason  of  economy,  but  rather  for  the  sole  purpose  of  avoiding  the 
objections  that  have  always  been  raised  against  the  arch  dam  when- 
ever one  has  been  proposed  or  Imilt.  These  are,  first,  that  the  fixing 
of  the  dam  at  its  bottom  jirevents  arch  action  at  its  base  and  suggests 
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Mr.  Woodaid.  the  (laugcr  that  it  might  be  sheared  from  its  foundation.  It  would 
seem  that  the  existing  examples  of  thin  arch  dams  would  serve  to 
remove  this  fear.  In  anv  case,  the  Six-Mile  Creek  Dam  is  no  stronger 
against  shear  than  it  would  be  if  the  up-stream  side  w^ere  straight  down 
to  rock  from,  say.  Elevation  185.  Therefore,  it  must  be  assumed  that  it 
was  not  this  danger  which  was  intended  to  be  avoided  by  the  vertical 
arch  feature  at  the  base. 

The  second  danger  is  that  the  fixing  of  the  base  upsets  the  simple 
distribution  of  the  load  upon  the  arch,  relieving  it  at  the  bottom  and 
throwing  part  of  the  water  pressure  from  the  lower  to  the  upper  part 
of  the  arch.  The  only  danger  in  this  is  that  the  dam  becomes  a  so- 
called  indeterminate  structure,  and  the  loading  upon  the  arch, 
especially  at  the  top,  cannot  be  found  by  simple  static  formvilas,  but 
must  be  determined  by  some  method  such  as  the  one  given  in  the 
paper. 

If  this  matter  is  considered  of  sufficient  weight,  it  is  theoretically 
possible  to  construct  the  base  of  a  dam  with  a  vertical  arch  like  that 
of  the  Six-Mile  Creek  Dam,  which  will  cause  all  the  horizonal  arches 
above  the  upper  end  of  the  vertical  arch  to  be  loaded  with  simply  the 
water  pressure  which  falls  directly  upon  them.  The  writer  has  made 
no  computation  of  the  Six -Mile  Creek  Dam  and  will  not  undertake  to 
say  whether  or  not  this  end  has  been  accomplished.  It  would  not 
seem  by  inspection  that  to  bring  the  back  of  the  dam  straight  down 
below  Elevation  185  would  increase  the  rigidity  very  materially. 

However,  suppose  it  be  granted  that  the  vertical  arch  base  will  ac- 
complish its  entire  purpose  of  removing  all  uncertainty  of  loading,  it 
becomes  a  question  whether  its  use  does  not  introduce  features  much 
more  undesirable  than  those  v/hich  it  removes. 

The  only  result  of  bringing  the  iip-stream  face  straight  down  to  the 
foundation,  besides  reducing  the  intensity  of  shear,  as  already  men- 
tioned, would  be,  possibly,  to  throw  somewhat  greater  loading  upon 
the  upper  part  of  the  dam.  This  can  be  easily  met  by  increasing  the 
thickness  near  the  top.  This  is  usually  of  little  or  no  additional  ex- 
pense, for  there  is  a  corresponding  decrease  of  thickness  in  the  low^er 
part  of  the  dam  to  oifset  the  increase  in  the  upper  part;  and,  for  prac- 
tical reasons,  the  masonry  cannot  be  brought  to  zero  thickness  where  the 
water  pressure  becomes  zero.  The  writer's  cominitations  show  that, 
for  the  cases  which  he  has  tried,  very  little  increased  thickness  over 
the  i)ractical  minimum  is  required. 

It  is  a  very  debatable  question  if  the  disadvantages  of  undercutting 
the  heel  of  the  dam,  resulting  in  the  suspended  masonry  construction 
and  the  reduction  of  the  width  of  joint  of  the  masonry  with  the  rock 
[this  joint  consists  of  only  .s  t  (Fig.  30),  for  t  a  is  supposed  to  be  an 
open  joint  when  the  dam  deflects]  does  not  more  than  outweigh  all  the 
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objections  which  can  be  raised  against  the  usual  form  of  construction,  >lr.  Woodard. 
especially  as  it  is  believed  that  the  more  retined  methods  of  comiJuting 
the  stresses  in  thin  arch  dams  make  it  possible  to  proportion  them, 
with  regard  to  their  stresses,  with  a  satisfactory  degree  of  certainty. 
Although  the  writer  has  made  no  computations  on  the  Six-Mile  Creek 
Dam,  the  profile  (Fig.  30)  of  the  90-ft.  dam  seems  very  slender  at  the 
top.  This  may  be  offset  by  the  use  of  steel  in  that  portion  which  was 
intended  to  be  used,  as  is  intimated  on  page  192. 
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The  13 resent  rules  of  the  German  Imperial  Board  of  Health  regard- 
ing sand  filtration  comprise  a  number  of  important  results  concerning 
the  building  and  operation  of  sand- filter  works.  They  are  based  upon 
the  experience  of  many  years,  collected  from  the  reports  of  twenty- 
six  filter  works.  These  rules  have  been  printed  in  full  in  leading 
technical  publications  of  the  several  countries  of  Europe,  and  also  in 
America,  and  reference  is  made  to  some  of  them,  in  connection  with 
this  description  of  some  of  the  characteristic  features  of  the  Bremen 
filter-works. 

The  filtration  of  surface-water  is  satisfactory  when  the  filtrate  is 
<;lear,  and,  as  regards  color,  taste,  temperature  and  chemical  composi- 
tion, is  not  worse  than  before  filtration,  and  does  not  contain  more 
than  about  100  bacteria  per  cubic  centimeter,  when  tested  according  to  a 

*  FVesented  at  the  meeting  of  November  4th,  1903. 

+  This  paper  translated  from  the  German  by  Rudolph  Hering,  M.  Am.  See.  C.  E. 

J  Chief  Engineer  of  the  Water- Works  in  Bremen. 
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prescribed  procedure,  including  cultivation  at  20°  Cent,  for  48  hours. 
The  bacteriological  examination  should  be  made  by  a  permanent  officer 
of  the  works.  The  possible  pathogenic  quality  of  the  bacteria  found 
in  the  filtrate  is  not  brought  into  question  by  this  bacterial  examina- 
tion, but  the  method  is  merely  a  means  for  a  delicate  discrimination 
between  the  results  of  filtration,  and  affords  a  very  good  control  of  the 
operation  of  the  filters.  It  is  based  upon  the  fact  that  after  long  ex- 
perience any  filtrate  which  does  not  contain  the  usual  low  number  of 
bacteria  must  be  viewed  with  suspicion,  or  as  being  of  an  inferior 
quality.  The  figure  100  is  merely  an  approximate  limit  of  the  num- 
ber of  bacteria  found  in  satisfactory  filtrates  of  German  filters. 

The  bacteriological  examination  of  every  filter  should  be  made 
daily  if  possible.  If  this  is  not  practicable,  then  daily  observations 
should  be  made,  in  accordance  with  the  standard  method,  at  least  at 
the  following  times:  First,  for  at  least  two  days  after  starting  a  filter 
that  has  been  cleaned,  and  until  the  result  is  satisfactory;  second, 
after  the  loss  of  head  due  to  frictional  resistance  in  the  sand  layer  is 
more  than  two-thirds  of  the  allowable  maximum;  third,  when  the 
head  suddenly  decreases;  fourth,  when  high  (turbid)  water  is  encoun- 
tered. 

Turbidity  observations  of  the  raw  water,  and,  when  necessary,  of  the 
filtrate,  should  be  taken.  They  are  quite  valuable,  because,  as  against 
the  bacteriological  observations,  they  give  immediate  results,  and  be- 
cause the  increase  of  turbidity  and  the  increase  of  bacteria  run 
parallel.  The  observation  tube,  in  the  apparatus  used  for  this  pur- 
pose in  Bremen,  has  a  length  of  about  100  cm.  Clear  water  has  a 
transparency  greater  than  this  length.  Turbid  water  allows  the  mark 
or  index  to  be  seen,  perhaps,  through  only  2  to  3  cm.  A  turbid  filtrate, 
which  sometimes  results  from  single  filters  at  high  water,  shows  the 
index  at  40  to  50  cm. 

In  order  to  record  the  degree  of  clearness  to  be  indicated  by  this 
apparatus,  samples  of  water  were  compared  with  a  series  of  standards 
in  which  clear  water  is  made  turbid  artificially  by  adding  a  known 
weight  of  the  slimy  matter  or  mud  scraped  from  the  surface  of  dirty 
filters,  after  eliminating  those  portions  of  it  which  subside  quickly. 
This  gave  the  results  shown  in  Table  1. 

Concerning  the  preparation  of  the  turbidity  standards,  it  is  to  be 
remembered  that  parts  per  million  correspond  to  milligrams  per  liter. 
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hence  the  figures  in  the  second  column  of  Table  1  show  the  number 
of  milligrams  of  mud  added  to  one  liter  of  water. 

TABLE   1. 

Composition  of  Turbidity  Standards  Corresponding  to  Various 

Degrees  of  CijEarness  of  Water. 


Degree  of  clearness. 

Parts  of  mud  per  million  of  water. 

More  than  100. 

Perfectly  clear  water. 

100 

1.7 

90 

2.2 

80 

2.8 

70 

3.7 

60 

4.8 

50 

6.5 

40 

9 

30 

13 

20 

22 

10 

44 

5 

100 

The  number  of  bacteria  in  the  raw  water  of  the  Weser,  which,  nor- 
mally, is  about  1  000  to  2  000  jier  cubic  centimeter,  but  often  is  only 
a  few  hundreds,  increases  at  high  water,  such  as  occurs  regularly  once 
or  twice  in  the  fall  and  once  or  twice  in  the  spring,  up  to  100  000  per 
cubic  centimeter. 

As  a  preparation  of  river  waters  for  filtering,  preliminary  sedimen- 
tation in  settling  basins,  operated  either  intermittently  or  contin- 
uously, may  be  used  with  success.  The  result  is  equally  good  in  both 
cases.  Smaller  settling  basins  are  required  for  continuous  than  for 
intermittent  operation.  Frost  has  no  deciding  influence  upon  the 
operation  of  open  settling  basins. 

It  is  not  generally  admissible  to  reduce  the  otherwise  necessary 
area  of  filters  on  account  of  the  introduction  of  settling  basins. 
Therefore,  the  cost,  due  to  the  interest  on  the  investment  for  the  set- 
tling basins,  often  exceeds  the  expected  advantage,  and  it  will  be 
more  useful  to  spend  the  capital  saved  by  the  omission  of  these  basins 
to  increase  the  area  of  the  filters  and  apply  a  slower  rate  of  filtration. 

In  filters  which  are  carefully  provided  with  a  sand  layer  of  even 
grain,  and  through  which  the  flow  of  water  is  regulated  according  to 
the  best  means  known  to  the  art,  a  process  of  cleaning  takes  place 
analogous  to  that  which  in  Nature  produces  the  highly  praised  spring 
water,  and  justly  praised,  if,  in  its  formation,  it  passes  through  a  nat- 
ural earth  filter  of  sufficient  uniformity  of  material  and  of  sufficient 
capacity. 
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If  sand  filtration  is  ever  justly  blamed  on  account  of  imperfect 
operation,  the  explanation  is  to  be  found  in  errors  originating  from 
insuflScient  knowledge  of  the  nature  of  filtration.  The  filtering  me- 
dium, in  the  basin  filled  with  sand,  is  not  the  sand,  perse,  but  the  slimy 
coating  {Schlammdecke)  which  is  deposited  upon  and  between  the  grains 
of  the  iipper  layer  of  sand. 

The  favorable  interaction  of  bacteria  and  algae,  the  organisms  con- 
suming and  producing  oxygen,  should  also  be  mentioned.  The  bac- 
teria are  parts  of  the  slimy  coating  which  are  most  eifective  for  the 
filtration.  Their  work  must  be  done  in  the  uppermost  layer,  and  re- 
quires, in  the  first  place,  a  slow  filter  velocity.  Filtration,  for  the  most 
part,  then,  is  accomplished  in  the  upper  portion  of  the  sand  layers, 
from  20  to  30  mm.  in  thickness,  and  the  lower  layers  are  thus  a  safe- 
guard. 

In  Bremen,  and  in  most  cities  of  Germany,  100  mm.  per  hour  is 
assumed  as  the  limit  of  filter  velocity;  but  this  rate  is  reached  only 
during  the  few  days  of  maximum  delivery,  when  the  reserve  filters  are 
out  of  service  on  account  of  cleaning.  In  Hamburg  the  filter  areas 
have  been  computed  for  a  maximiim  velocity  of  63  mm.  per  hour. 

If  only  the  uppermost  portion  of  the  sand  layer  is  used  as  a  biolog- 
ical filter,  decreasing  in  intensity  in  a  downward  direction,  and  assum- 
ing a  slow  filtering  velocity,  then  there  is  the  guaranty  that  any 
bacteria  escaping  through  the  upper  layers  will  still  be  retained  in  the 
lower  layers. 

The  foregoing  process  in  a  filter  for  drinking-water,  because  it  is  in 
the  main  a  biological  one,  has  not  an  unlimited  effectiveness  respecting 
the  number  of  bacteria  removed.  Based  on  innumerable  observations, 
it  is  necessary  to  assume  that  a  ripe  filter,  provided  with  a  "  Schlamm- 
decke," can  completely  free  a  raw  water  of  a  certain  quantity  of  bac- 
teria and  turbidity.  In  order  to  get  an  approximate  idea  as  to  what 
is  meant  by  a  certain  quantity  of  bacteria,  it  will  be  assumed  that 
there  are  10  000  per  cubic  centimeter  in  the  raw  water.  The  result  is 
A  filtrate  with  a  fairly  low  and  constant  number  of  bacteria.  If  the 
raw  water  contains  a  much  greater  number  of  bacteria  than  mentioned 
Above,  the  number  in  the  filtrate  is  no  longer  constant,  but  rises  and 
falls  in  proportion  to  the  number  in  the  raw  water.  The  essentially 
different  behavior  of  the  filter,  whether  receiving  good  or  moderately 
good  raw  water  on  the  one  hand,  or  bad  raw  water  on  the  other  hand, 
must  be  carefully  distinguished. 
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This  fact  is  presented  most  clearly  by  marking  on  a  diagram,  as- 
ordinates,  the  numbers  of  bacteria  in  the  raw  water  and  in  the  filtrate. 
It  is  then  readily  seen  that,  as  long  as  the  raw  water  has  not  a  very 
large  number  of  bacteria,  the  bacteria  curve  of  the  filtrate  is  jiracti- 
cally  parallel  with  the  zero  line,  and  does  not  follow  the  irregularities 
of  the  raw- water  bacteria  curve.  After  observing  this  fact  for  many 
years,  one  becomes  convinced  that,  within  the  above-mentioned  limits, 
the  number  of  bacteria  in  the  filtrate  stands  in  no  relation  to  the  num- 
ber in  the  raw  water.  While  the  bacteria  in  the  raw  water  have  been 
completely  removed,  those  in  the  filtrate  have  entered  it  subsequently 
and  accidentallv. 

A  filter  bed  filled  with  clean  sand  is  not  an  apparatus  which  could 
be  called  a  filter,  in  the  sense  of  drinking-water  purification.  Only  by 
the  so-called  "  Schlammdecke  "  is  there  formed  the  filter  which  is  suit- 
able to  retain  the  bacteria  and  the  often  still  smaller  jjarticles  of  clay. 
This  improved  faculty  of  retention,  inherent  to  a  filter  that  has  been 
in  use  for  some  time,  is  called  "ripeness." 

From  what  has  been  said,  the  slimy  coating  originating  during 
filtration  must  be  guarded  from  destruction  with  all  care.  Therefore, 
interruptions  in  operation  and  sudden  changes  in  the  filter  velocity- 
must  be  avoided.  The  increasing  accumulation  of  slime  and  mud 
makes  it  necessary,  however,  to  clean  the  filter  after  due  time, 
that  is,  it  is  necessary  to  remove  any  coating  which  will  not  readily 
pass  the  water.  In  doing  this,  after  the  water  of  the  filter  has 
been  drawn  off  to  a  level  which  is  indispensably  necessary  for  clean- 
ing, only  the  uppermost  and  visibly  the  most  dirty  layer,  ranging 
in  thickness  from  10  to  20  mm.,  and  sometimes  even  more,  is  removed. 
After  the  removal  of  this  layer  the  sand  is  smoothed  down,  the  filter  is 
supplied  from  below  with  filtrate  until  this  well  covers  the  sand,  and 
then  raw  water  is  again  admitted  from  above.  The  filter  is  not  aerated 
longer  than  the  time  required  for  the  process  of  cleaning. 

After  such  a  cleaning  the  quantitative  capacity  of  the  filter  is 
indeed  recovered,  but  the  qualitative  work,  because  it  depends  upon 
the  existence  of  the  slimy  coating,  is  lessened  or  entirely  destroyed. 
The  more  care  is  given  to  such  cleaning  the  less  wiD  be  reduction  of 
the  effectiveness  of  the  filter  relative  to  quality,  because  the  biological 
filter,  formed  by  the  process  of  filtration,  usually  extends  to  a  greater 
depth  of  sand,  although  with  decreasing  intensity,  than  that  Avhich  is 
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removed.  The  coherence  of  the  bacterial  mass  beneath  the  removed 
layer  must  not  be  disturbed.  It  is  expedient,  therefore,  that  the  men 
stepping  upon  the  sand  be  provided  with  wooden  shoes  having  broad 
and  perfectly  flat  soles.  The  removal  of  sand  at  cleanings  is  con- 
tinued until  the  remaining  depth  approaches  the  allowable  minimum, 
which,  for  reasons  of  security,  is  taken  at  400  mm.,  although  the  bio- 
logical filter  does  not  extend  as  deep.  Then  the  filter  is  refilled,  up 
to  its  maximum  thickness,  with  the  sand,  which,  in  the  meantime,  has 
been  washed. 

The  biological  filter,  therefore,  is  impaired  by  cleaning  and  entirely 
obliterated  by  refilHng,  and  it  is  necessary  to  view  the  first  filtrate  after 
these  proceedings  as  being  of  inferior  quality  and  suspicious.  The 
proof  thereof  is  given  by  the  bacterial  examinations,  and  is,  indeed,  less 
distinct  after  a  cleaning  than  after  a  refilling,  because  after  the  former 
some  ability  for  proper  filtration  has  remained.  The  filtrate  from  a 
new  filter,  from  one  that  has  been  refilled,  and  from  one  that  has  been 
cleaned  or  scraped,  should  remain  separated  from  the  water  delivered 
into  the  supply  until  the  bacterial  examinations  show  favorable  results, 
but  at  least  48  hours,  should  a  pi-evious  observation  of  the  special 
conditions  allow  this  time  thus  to  be  shortened.  The  latter  refers 
especially  to  scrapings.  The  worst  water  does  not  appear  immediately 
after  starting  the  filters,  but  about  24  hours  later,  according  to  what 
may  be  the  first  velocity  of  filtration,  because  the  filter  still  contains  in 
its  lower  layers  some  of  the  good  water  of  the  previous  period,  and 
because  it  was  refilled  with  filtered  water  from  below. 

A  new  or  refilled  filter,  or  even  a  ripe  filter,  may  deliver  a  poor 
filtrate  during  floods. 

In  order  to  avoid  a  filtrate  that  is  suspicious  or  of  inferior  quality, 
two  ways  are  jaossible;  local  conditions  should  decide  the  preference. 
One  way  is  to  allow  the  filtered  water  to  run  to  waste.  This  may  be 
the  right  way  if  the  raw  water  flows  upon  the  filters  by  gravity,  and, 
during  all  seasons,  is  in  suflicient  quantity  to  jjermit  this  waste  of  a 
material  percentage  of  the  supply.  The  other  way  is  to  filter  the 
auspicious  filtrate  a  second  time;  that  is,  to  allow  it  to  enter  as  raw 
water  upon  another  ripe  filter.  To  do  this  is  never  an  error,  and  in 
many  cases  it  is  such  an  advantage  that  it  almost  appears  to  be  a  necess- 
ity; for  instance,  when  the  raw  water  must  be  pumped  to  the  filters, 
or  when  the  available  quantity  of  water  is  limited  and  requires  saving. 
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By  the  second  filtration  the  cost  of  pumping  is  saved,  but  would  be 
lost  if  the  pumped  water  had  to  be  wasted  subsequently.  There  is  a 
further  saving  in  cost,  because  the  filtrate,  which  has  already  passed 
through  a  filter  once,  even  though  the  water  does  not  conform  to  the 
highest  hygienic  requirements,  has  been  dejirived  of  the  coarser 
impurities,  so  that  the  second  filter  receives  only  a  small  portion  of 
the  impurities  which  clog  the  sand  layer.  It  is  more  economical, 
therefore,  to  refilter  this  water  than  to  purify  the  same  quantity  of 
raw  water. 

Whether  or  not  double  filtration  is  used,  sj^ecial  attention  should 
be  paid  in  every  case  to  the  regulating  apparatus.  Automatic  regula- 
tion is  the  best.  These  devices  of  the  Bremen  Water-Works  have 
been  gradually  improved,  and  in  their  present  form  have  been  tested 
for  years.  Fig.  1,  Plate  XII,  shows  the  balanced  valve  and  other 
features  appertaining  to  the  regulation  of  the  raw  water  as  it  flows  to 
the  Bremen  filters.  Fig.  2,  Plate  XII,  shows  the  devices  for  the  auto- 
matic regulation  of  the  flow  of  filtered  water,  which  may  be  described 
briefly  as  follows: 

In  the  well  into  which  the  filtrate  flows  is  a  bent  tube,  the  hori- 
zontal arm  of  which  leads  to  the  clear-water  reservoir,  and  in  the 
vertical  arm  of  which,  bent  upward,  is  a  bronze  pipe  suspended  by 
floats  working  telescopically.  The  filtered  water  flows  into  the  bronze 
pipe  over  an  adjustable  weir.  The  depth  of  water  flowing  over  this 
weir  is  constant  during  oscillations  of  the  water  surface,  but  the  over- 
flow edge  of  the  bronze  pipe  rises  and  falls  \vith  the  floats.  With  this 
arrangement  water  flows  out  of  the  regulating  chamber  independently 
of  the  absolute  height  of  water  in  it,  but  its  quantity  corresponds  to 
the  adjusted  height  of  the  weir.  It  follows  that  the  difi'erence  between 
the  surface  of  the  raw  water  and  that  in  the  regulating  chamber  (in 
other  words,  the  filter  head)  will  always  adjust  itself  to  the  necessary 
quantity.  When  the  filter  head  is  too  great,  more  water  flows  into  the 
regulating  chamber  than  out  of  it,  and  the  floats  rise.  When  the  head 
is  too  small,  less  water  flows  into  the  chamber,  and  the  floats  fall  until 
the  true  head  has  been  obtained  automatically.  When  the  surface  of 
the  raw  water  in  the  filter  rises  or  falls,  the  water  surface  in  the 
chamber  changes  correspondingly.  The  pressure  head,  therefore, 
remains  constant,  and  is  independent  of  oscillations  of  the  raw-water 
surface.     As  the  clogging  of  the  filter,  and  therefore  the  resistance  in 
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Fig.  1.    TWO  OPEN  FILTERS  AT  BREMEN,  ARRANGED 
WITH  A  SIPHON  FOR  DOUBLE  FILTRATION. 


Tank  in  which  Sand  in  dirty  Wash  water 
settles  out.  preventing  loss  of  Sand 


Fig.  2.    SAND  WASHER  AT  BREMEN. 
DRUM  AND  ELEVATOR  OPERATED  BY  WASH-WATER. 
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the  same,  increases,  the  pressure  head  rises  uniformly.  Both  this 
head  and  the  filter  velocity  may  be  read  from  scales  in  the  regulat- 
ing chamber.  In  order  to  prevent  injurious  friction,  the  ajiparatus 
in  the  regulating  chambers  must  be  designed  and  constructed  with 
much  care. 

The  main  advantages  of  these  automatic  regulators  are :  That  they 
secure  the  greatest  possible  uniformity  in  the  operation  of  the  filters, 
and,  therefore,  in  their  qualitative  efficiency;  that  oscillations  in 
the  raw-water  level,  not  to  be  avoided  in  the  operation  of  the  fil- 
ters, have  no  influence  whatever  upon  the  regulation  of  the  filters; 
that  the  regulating  chambers  need  be  visited  but  rarely ;  and  that  labor 
is  saved. 

For  the  second  filtering  in  Bremen,  according  to  the  writer's  sys- 
tem (see  Fig.  1,  Plate  XIII),  the  several  filters  are  connected  by 
siphons,  one  leg  of  which  is  in  the  regulating  well  for  the  effluent 
water  of  one  filter,  w^hile  the  other  leg  is  in  the  raw- water  compart- 
ment of  the  adjoining  filter,  and  the  top  or  head  of  the  siphon  is  higher 
than  the  highest  possible  water  level.  By  means  of  a  water  ejector,  a 
vacuum  is  created  in  the  siphons.  An  air-valve  makes  it  possible  to 
unite  the  inside  of  the  siphons  with  the  outside  air,  and  therefore  oflers 
an  easy  and  reliable  way  of  breaking  the  siphonic  action.  When  the  air- 
valve  of  the  sijihon  is  open,  every  filter  connected  with  it  is  a  single 
filter,  and  is  used  as  such  for  most  of  the  year.  After  a  refilling  or 
cleansing,  the  filter  is  used  for  a  short  time  as  a  preliminary  filter,  that 
is,  the  filtrate  with  natural  descent  flows  into  the  raw-water  chamber 
of  a  neighboring  filter,  the  water  level  of  which  is  kept  somewhat 
lower.  The  siphons  are  inserted  in  such  a  manner  that  the  filtrate 
of  one  filter  may  be  led  upon  one  or  the  other  of  the  neighboring  fil- 
ters, so  as  to  have  a  choice  in  case  one  of  them  is  out  of  service  or  not 
yet  ripe. 

It  will  be  noted  that  at  Bremen  the  filters  are  open.  For  condi- 
tions where  long  periods  of  severe  cold  prevail,  they  should  be  covered. 

Ilhistrative  of  the  effect  of  double  filtration,  there  is  given  a  series 
ol  five  tables  (Tables  2  to  6),  containing  results  actually  accomp- 
lished at  the  Bremen  filter-works,  and  showing  the  improvement  of 
the  filtered  water  resulting  from  the  second  filtration  at  times  when 
ordinary  operations  are  more  or  less  interfered  with  by  frost  in  ojien 
filters,  and  when  the  filters  are  scraped  during  periods  of  high  and 
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turbid  water  in  the  river.  The  more  essential  details,  descriptive  of 
the  actual  conditions  under  which  the  data  were  obtained,  are  given 
for  each  of  the  tables. 

Following  the  tables  are  deductions  based  on  general  experience  at 
Bremen. 

TABLE  2. 

Influence  of  Double  FiLTRATroN  upon  Bacteki.^l  Efficiency,  with  a 
High  Rate  fob  the  Final  Filteb,  when  Open  Filters  are  Affected 
BY  Frost. 


Bacteria  per  Cubic  Centimeter. 

Date. 

Raw  water. 

Effluent  of  Preliminabt 

Filters. 

Effluent  of 
Final  Filter. 

Filter  No.  V. 

Filter  No.  IV. 

Filter  No.  in. 

1895. 
February  26 

650 
950 
775 
1  500 
925 

1  875 

2  825 

3  700 

2  050 

3  000 
2  550 
2  300 

1  800 

2  800 

6  000 

11  300 

12  500 
8  200 

'i'hhi) 

8  900 

7  100 
7  600 

16  900 
18  200 

12  200 
14  600 

13  400 

920 

1  000 

380 

1  440 

540 

276 

280 

470 

230 

186 

174 

136 

73 

52 

62 

76 

74 

70 

76 

46 

46 

50 

49 

48 

40 

28 

46 

61 

68 
144 
90 
70 
Scraped. 

114 
240 
176 
196 
234 
134 

84 

86 

82 
110 
150 
126 
114 

86 

54 

56 

16 

62 

80 

79 
330 
256 

23 

^27.         :::: 

8 

28 

25 

March         1 

60 

2 

Scraped. 
46 

4 

5 

50 

6 

55 

7 

67 

8 

63 

9 

46 

10 

34 

11 

45 

12 

36 

13 

42 

14 

29 

15 

31 

16 

sa 

17 

sa 

18 

30 

19 :.. 

31 

20 

29 

21 

:& 

22 

21 

23. 

20 

24 

25 

26 

21 
30 
28 

Regarding  Table  2,  it  is  to  be  stated  that  Nos.  V  and  IV  are 
preliminary  filters,  through  which  the  water  was  jaassed  first,  and 
their  combined  area  of  filtering  surface  was  2  320  sq.  m.,  the 
thickness  of  the  sand  layer  being  from  850  to  950  mm.  Filter  No. 
Ill,  through  Avhich  the  water  was  filtered  the  second  time,  had  an 
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area  of  050  sq.  m.  ami  a  thickness  of  sand  layer  of  1  140  mm. 
Filter  No.  V  was  out  of  service  from  tlie  8th  to  the  23d  of  February, on 
account  of  excessively  cold  weather.  The  rate  of  filtration  in  Nos.  V 
and  rV,  the  preliminary  filters,  was  about  60  and  50  mm.  vertical  drop 
per  hour,  respectively,  and  in  No.  Ill,  the  final  filter,  about  200  mm. 
The  loss  of  head  in  Filter  No.  V  increased  during  this  period  from  3  to 
50  cm.,  and  in  Filter  No.  IV  from  50  to  65  cm.  Filter  No.  IV  was 
scraped  on  March  2d,  after  which  the  loss  of  head  increased  from  7  to 
52  cm.  Filter  No.  Ill,  the  final  filter,  was  scraped  on  March  3d,  and 
the  loss  of  head  during  this  experiment  remained  at  about  35  cm. 

TABLE  3. 

Infltxence  of  Double  Filtration  Following  the  Scraping  of  a 
Filter,  as  Shown  by  the  Bacterial  Contents  and  Degree  op 
Clearness  of  the  Filtered  Water. 


Raw  Water. 

Effluent  of  Prelim- 
inary Filter. 

Effluent  of  Final 
Filter. 

Date. 

Bacteria 
per  cubic 
centi- 
meter. 

Degree  of 
clearness. 

Bacteria 
per  cubic 
centi- 
meter. 

Degree  of 
clearness. 

Bacteria 
per  cubic 
centi- 
meter. 

Degree  of 
clearness. 

1895. 

March  18 

19 

20 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

7  650 

8  900 
7  100 

16  900 
18  200 

12  200 
14  600 

13  400 

9  800 

4  600 

5  300 
3400 
4  500 

41 
32 
40 
17 
8 
8 
11 
11 
19 
21 
21 
26 
26 

36 
Sera 

■596 
1  720 
1  450 
1  120 

790 

480 

210 

130 
92 
82 

Clear, 
ped. 

Clear. 
72 
85 
91 
81 
87 
95 
95 

Clear. 

21 
17 
24 
24 
50 
71 
90 
64 
63 
70 
44 
57 
51 

Clear. 

Kegarding  Table  3  it  may  be  said  that  Filter  No.  X  was  scraped 
on  March  19th,  and  its  effluent  thereafter  was  filtered  through  Filter 
No.  Vm.  Filter  No.  X,  the  preliminary  filter,  had  an  area  of  1  160 
sq.  m.,  and  a  sand  layer  1  130  mm.  thick.  The  rate  of  filtration  ranged 
from  65  to  80  mm.  Filter  No.  VIII,  the  final  filter,  had  an  area  of 
1  310  sq.  m.,  a  sand  layer  700  mm.  thick,  and  the  rate  of  filtration 
ranged  from  60  to  70  mm. 
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Each  of  the  two  filters  used  in  securing  the  data  recorded  in  Table 
4  had  an  area  of  650  sq.  m. 


TABLE  4. 

Influence  of  Double  Filtration  at  a  Time  of  High  and  Turbid 
Water,  as  Shown  by  the  Bacterial  Contents  and  Degree  of 
Clearness  of  the  Filtered  "Water. 


Raw  Water. 

Effluent  of 
Preliminary  Filter. 

Effluent  of 
Final  Filter. 

Date. 

Bacteria 
per  cubic 
centi- 
meter. 

Degree  of 
clearness. 

Bacteria 
per  cubic 
centi- 
meter. 

Degree  of 
clearness. 

Bacteria 
per  cubic 
centi- 
meter. 

Degree  of 
clearness. 

18{)6. 

March    2 

5 

950 
2  400 

53 
56 

80 
150 

Clear. 

25 
76 

Clear. 

The  filters  were  reversed  as  to  double  filtration,  that  is,  the  eflauent  of  Filter  No.  II 
was  turned  on  Filter  No.  I  (above  the  sand),  instead  of  into  the  clear-water  reser- 
voir, and  the  raw  water  was  shut  off  the  latter. 


March  9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
80. 
22. 


19  500 

3 

116 

Clear. 

36 

23  100 

3A 

295 

74 

17 

28  100 

5 

780 

61 

31 

16  900 

6 

616 

60 

60 

19  500 

7 

610 

63 

55 

10  100 

9 

620 

65 

34 

n  300 

14 

1H5 

70 

22 

9  000 

16 

155 

87 

48 

4  200 

22 

95 

95 

24 

4  600 

28 

76 

Clear. 

24 

1  650 

40 

38 

•' 

20 

1  400 

48 

49 

" 

23 

Clear. 


Double  filtration  was  discontinued,  the  effluent  of  Filter  No.  U  flowing  to  the 
lUtered-water  basin  instead  of  to  the  water  space  above  the  sand  in  Filter  No.  I;  raw 
water  was  applied  to  Filter  No.  I.  These  changes  were  made  without  any  interruption 
in  filtration,  in  the  case  of  either  filter. 


March  23 

1  000 

62 

32 

Clear. 

28 

Clear. 

24 

1  000 

58 

49 

38 

25 

740 

57 

77 

»' 

49 

" 

26 

680 

60 

80 

" 

23 

" 

With  the  filters  used  in  connection  with  Table  5,  Filters  Nos. 
XI  and  XII,  the  preliminary  filters,  had  a  combined  area  of  2  320  sq. 
m.,  and  Filter  No.  IX,  the  final  filter,  an  area  of  1  600  sq.  m.  The 
rate  of  filtration  in  the  preliminary  filters  ranged  from  90  to  100  mm., 
and,  in  the  final  filter,  from  135  to  150  mm.  The  loss  of  head  in  Filter 
No.  XII  increased  from  4  to  24  cm.,  and  in  Filter  No.  XI  from  3  to  25 
cm.  In  Filter  No.  IX,  the  final  filter,  it  was  about  30  cm.  when 
secondary  filtration  was  undertaken  by  it,  and  this  head  did  not 
increase  during  the  experiment. 
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TABLE  5. 

Influence  of  Double  Filtration  at  a  Time  of  High  and  Turbid 
Water,  as  Shots-n  by  the  Bactekiai,  Contents  and  Degree  of 
Clearness  of  the  Filtered  Water. 

(Two  Preliminary  Filters  and  one  Final  Filter.) 


Raw  Water. 

Effluent  of 

Preliminary 

Filter. 

Effluent  of 

Preliminary 

Filter. 

Effluent  of 
Final  Filter. 

b  , 

^  , 

b  . 

Date. 

^•^ 

oS 

^r 

O  M 

^■■s . 

O  CO 

a-^. 

•Sg 

act«ria 

ubic  ce 

meter 

0* 
at  c8 

fe  "  s 

lis 

Is  a 

PQ" 

CQO 

«" 

m" 

1896. 

March  2 

950 

63 

Scraped. 

46 

Clear. 

12 

Clear. 

5 

24  000 

56 

110 

Clear. 

160 

** 

The  filters  were  reversed  as  to  double  filtration. 


Second  filtration  is  interrupted 


19  500 

3 

270 

58 

290 

85 

56 

23  100 

3}^ 

660 

89 

2  840 

35 

223 

28  100 

5 

860 

52 

905 

50 

98 

16  900 

6 

416 

53 

616 

52 

84 

19  500 

7 

770 

50 

670 

49 

92 

10  100 

9 

290 

58 

260 

63 

48 

11  300 

14 

245 

72 

245 

76 

52 

9  000 

16 

175 

75 

220 

83 

39 

4  200 

22 

90 

80 

190 

94 

44 

4  600 

28 

84 

Clear. 

184 

Clear. 

25 

2  250 

32 

44 

" 

106 

" 

54 

1  650 

40 

48 

" 

50 

'* 

18 

1  400 

48 

1:^8 

" 

100 

" 

28 

1  000 

58 

42 

" 

61 

" 

8 

Clear. 

97 
Clear. 

87 

95 

94 
Clear. 


25 

26 

740 
680 

57 
60 

36 
33 

Clear. 

13       Cle 
51 

iT.          29 
24 

Clear 

With  regard  to  Table  6,  it  is  to  be  stated  that,  while  the  water 
in  the  river  at  this  period  was  high,  no  turbidity  was  present  in  the 
effluent  of  either  the  preliminary  or  final  filters.  Filter  No.  VI,  the 
preliminary  filter,  had  an  area  of  1  IGO  sq.  m.  and  a  thickness  of  sand 
layer  of  1  120  mm.  The  sand  itself  was  of  fine  and  even  grain,  so 
that  the  surface  of  the  layer  could  be  made  very  smooth.  Filter  No. 
VII,  the  final  filter,  had  an  area  of!  160  sq.  m.,  and  a  thickness  of  sand 
layer  of  485  mm.  The  sand  was  of  coarse  and  less  even  grain,  so  that 
the  surface  was  less  smooth  than  in  the  case  of  the  other  filter; 
consequently,  the  preliminary  filter,  with  its  finer  sand,  had  a  thicker 
'*  Schlammdecke  "  than  the  final  one.  It  will  be  noted  that  the  prelim- 
inary filter  worked  badly  on  two  occasions,  due  to  cleaning,  and  also  on 
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two  occasions,  due  to  liigli  water,  namely,  for  the  several  days  begin- 
ning December  5tli  and  beginning  December  17tli. 

TABLE  6. 

Influence  of  Double  Filtration   at   High  Water  and  after 

Scraping,  as  Shown  by  the  Bacterial  Contents  of  the 

Effluents. 


Bacteria 

PER  Cubic  Centimeter. 

Raw  water. 

Effluent  of 

Preliminary 

Filter. 

Effluent  of 
Final  Filter. 

Date. 

Filter  No.  VI. 

Filter  No.  VH. 

1897. 
November  18      

2  800 
2  300 

1  750 

2  025 
1  005 
1  325 

875 
1  080 

1  100 
950 

2  000 
4  500 
9  600 

29  000 
39  200 
38  300 
35  600 
17  200 
7  600 

6  400 

7  000 

7  400 
6  400 

10  400 

8  000 

10  100 

9  600 

11  100 
9  300 
6  500 
6  600 

's'rao 

2  600 

Scraped. 

700 
230 

68 

45 

20 

30 

23 

23 

75 

94 

96 
105 
130 
525 
385 
165 
100 

75 

75 

70 
Scraped. 
2«) 
115 
115 

70 
135 
240 
105 
134 

54 

49 

27 

17 

19 

9 

20 

8 

21 

10 

22      

5 

23  

9 

24 

6 

25          

3 

26 

11 

27 

4 

29 

December     1      

10 

2 

9 

3 

2 

4      

10 

5      

15 

6 

32 

7 

35 

8 

30 

9  

13 

10 

23 

11 

21 

12 

6 

13 

24 

14 

12 

15 

17 

16 

20 

17 

21 

18 

37 

19 

29 

20 

31 

22 

46 

27 

32 

29 

21 

Referring  to  the  data  of  Table  6,  it  is  to  be  pointed  out  that  if 
the  effect  of  filtration  rested  only  upon  a  mechanical  process,  then 
those  bacteria  which  passed  through  the  thicker  "  Schlammdecke  " 
and  through  much  finer  sand  would  also  have  gone  through  the 
coarser  final  filter.     That  this  was  not  the  case  is  surely  an  irrefut- 


FILTRATION    OF    WATER.  223 

able  proof  that, not  the  depth  of  sand  or  the  size  of  the  grains,  but  the 
biological  iirocess,  caused  the  final  effect. 

The  fact,  noticed  in  Bremen  on  every  occasion,  that  double  filtra- 
tion removes  the  fine  clay  which  had  passed  the  first  filter,  and  is 
recognizable  by  an  opalescent  turbidity,  is  extremely  imi^ortant.  It 
is  well  known  that  in  such  cases  a  complete  clarification  without 
filtration  and  without  chemical  means  is  impossible.  It  is  also  known 
that  in  bad  cases  simple  filtration  fails.  Eaw  water,  which,  for 
instance,  was  so  turbid  that  the  mark  on  the  measuring  apparatus 
could  be  seen  only  at  a  distance  of  from  2  to  3  cm.,  and  which  with 
single  filtration  could  be  seen  for  about  50  cm.,  and  was  opalescent, 
was  improved  by  double  filtration,  so  that  the  mark  could  be  seen  at 
a  distance  of  100  cm.,  the  greatest  length  of  the  apparatus,  corre- 
sponding to  perfectly  clear  water. 

Double  filtration  gives  another  very  instructive  example,  and 
shows  that  under  normal  conditions  the  bacteria  from  the  effluent  of 
a  ripe  filter  are  altogether  independent  of  the  number  contained  in 
the  raw  water,  where  the  filtrate  of  the  preliminary  filter  is  the  raw 
water  of  the  final  filter.  A  perfectly  satisfactory  filter  was  used  as  a 
final  filter  for  one  that  had  likewise  been  used  for  some  time.  The  raw 
water  for  the  preliminary  filter  contained  on  an  average  about  3  000 
bacteria  per  cubic  centimeter,  and  was  changed  into  a  filtrate  contain- 
ing about  40  bacteria  per  cubic  centimeter.  The  filtrate,  therefore, 
contained  about  \.^^%  of  those  contained  in  the  raw  Avater.  It  was 
then  filtered  a  second  time,  at  a  very  uniform  speed  for  about  10  days, 
and  contained  about  60  to  70  bacteria  per  cubic  centimeter.  The  second 
filtrate  therefore  contained  150  to  175%"  of  those  contained  in  the  water 
delivered  by  the  preliminary  filter.  Accordingly,  the  filtrate  from  the 
double  filter  would  be  worse  than  that  from  the  single  filter,  while,  in 
fact,  the  water  filtered  twice  could  only  be  better.  It  seems  hardly 
possible  to  have  a  clearer  proof  than  this  that  a  constant  low  number 
of  bacteria,  and  not  a  percentage  of  reduction,  should  be  used  as  a 
demonstration  of  the  efiective  work  of  a  filter. 

On  the  other  hand,  in  considering  the  operation  of  a  filter  with 
extraordinarily  bad  water,  containing  many  bacteria  and  being  very 
turbid,  it  is  found  that  a  constant  number  of  bacteria  for  the  filtrate 
can  no  longer  be  counted  upon.  In  the  long,  flat  curve  representing 
the   number  of  bacteria   in  the   filtrate,  there   is  a  very  i^erceptible 
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irregular  movement,  a  rise  and  fall  analogous  to  tlie  rising  and  falling 
of  the  bacteria  in  the  raw-water  curves.  Here  the  number  of  bacteria 
in  the  filtrate  can  be  expressed  temporarily  by  a  percentage  of  the 
number  contained  in  the  raw  water. 

No  filtrate  which  is  characterized  by  a  noticeable  irregularity  in 
the  otherwise  fairly  horizontal  bacteria  curve  should  be  permitted  in 
the  water  supply,  but  should  be  considered  as  suspicious  water  and 
filtered  a  second  time. 

A  very  noticeable  phenomenon  accompanying  the  high  number  of 
bacteria  contained  in  the  filtrates  from  flood  water,  and  a  very  im- 
pressive sign  of  its  inferior  quality,  is  the  slight  turbidity,  i.  e.,  the 
opalescence  of  the  filtrate  obtained  from  very  turbid  yellow  river 
water.  It  is  not  difficult  to  separate  such  an  imperfect  filtrate  from 
the  other  water  intended  for  distribution,  if  the  cause  for  such  an  im- 
perfect filtrate  is  known,  which  is  generally  the  case.  In  general, 
these  periods  of  opalescent  water  are  noticed  after  the  cleaning  of  a 
filter,  after  refilling  it  with  clean  sand,  and  when  the  raw  water  is 
worse  than  normal.  During  these  three  diff'erent  periods  we  should 
make  use  of  a  possibility,  hitherto  little  used,  to  enable  the  single 
filters  of  a  large  plant  mutually  to  support  each  other,  in  filtering 
once  more  the  filtrate  obtained  after  single  filtration,  in  case  it  is  not 
perfect. 

It  is  important,  as  will  be  recognized  at  once,  from  what  has  been 
stated,  that  the  filter  which  is  used  as  the  final  filter  should  have  a 
"Schlammdecke,"  for  otherwise  it  is  not  a  filter,  in  our  sense.  And 
water  having  received  a  preliminary  filtration  contains  only  a  few  of 
those  elements  which  produce  a  "  Schlammdecke,"  and  is  therefore 
unsuitable  to  transform  a  bed  filled  with  clean  sand  into  a  biological 
filter.  Therefore,  the  writer  holds  it  to  be  necessary,  and  is  justified 
in  doing  so  by  the  success  obtained  in  Bremen,  that  only  filters  which 
have  been  operated  with  raw  water  can  be  used  as  final  filters. 

Granted  the  theory  is  right,  that  a  ripe  filter  with  a  certain  filter- 
ing velocity  can  completely  purify  raw  water  containing  a  definite 
amount  of  impurities,  it  might  then  be  said  that  it  should  be  possible 
just  as  completely  to  purify  a  worse  raw  water  by  correspondingly 
reducing  the  filtering  velocity.  This  is  true,  but  a  simple  computation 
will  show  that  the  possibility  of  reducing  this  velocity  in  jn-aclice 
soon  reaches  an  end. 
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The  area  of  the  filter  surface  Avliich  sliould  suffice  for  double  filtra- 
tion must  be  determined  from  the  special  conditions  of  the  country 
and  the  stream  where  filtration  is  required.  In  Germany,  particularly 
in  Bremen,  at  the  Lower  Weser,  a  stream  which  carries  very  variable 
water,  and  several  times  both  in  sjjring  and  fall  brings  very  turbid 
water  to  the  pumping  station,  the  filter  area  required  for  the  greatest 
summer  consumption  with  single  filtration  is  sufficient  also  for  double 
filtration,  because  duiing  high-water  periods  in  spring  and  fall  the 
rate  of  water  consumption  is  much  smaller  than  the  yearly  maximum. 

Generally  speaking,  for  doiible  filtration  it  is  necessary  to  compute 
the  filter  area,  fii'st  for  the  maximum  delivery  with  single  filtration 
and  then  for  the  possible  maximum  at  times  of  high  water.  The  larger 
of  the  two  areas  should  be  chosen.  It  is  correct  to  introduce  into  this 
calculation  different  filter  velocities  for  single  or  double  filtration; 
namely,  for  the  single  filtration  63  to  100  mm.  per  hour,  and  for  the 
double  about  100  mm.  or  more  per  hour,  depending  upon  special 
considerations.  In  Bremen  it  was  found  that,  with  a  velocity  of  200 
to  250  mm.  per  hour,  the  final  filters  occasionally  did  favorable  work. 

It  will  never  be  necessary  to  have  as  much  as  twice  the  area  for 
double  as  for  single  filtration,  and  it  is  always  possible  to  obtain  a 
considerable  advantage,  even  if  the  filter  area  is  not  increased  at  all, 
that  is,  if  a  second  filtration  is  effected  only  at  those  times  when  the 
area  is  really  available  therefor,  as  when  the  consumption  is  low  or 
after  cleaning  and  refilling;  for  which  jiurposes,  in  any  event,  reserve 
areas  must  be  available. 

By  double  filtration  all  is  secured  that  can  reasonably  be  expected 
from  water  purification,  and  chemical  assistance  is  superfluous,  but 
the  discoloration  caused  by  humic  combinations,  which  should  be  dis- 
tinguished from  turbidity,  cannot  wholly  be  removed;  filtrates  from 
peaty  water  will  retain  a  slight  brownish  color  unless  chemical  means 
are  used.  The  writer  has  preferred  to  retain  the  color  if  the  filtrates 
were  perfectly  clear. 

In  Bremen  the  water  formerly  filtered  by  single  filtration  con- 
tained during  every  flood  1  000  to  3  000  bacteria,  instead  of  the  per- 
missible 100,  and  was  quite  turbid  besides.  Since  the  introduction 
of  double  filtration  the  city  receives,  also  during  floods,  a  clear 
filtrate  with  not  more  than  about  100  bacteria  per  cubic  centi- 
meter.     Because  double  filtration  follows  single  filtration,   the  final 
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filters  are  always  in  best  condition  for  effective  filtration,  that  is, 
they  are  ripe.  The  entire  filter  area  is  very  thoroughly  utilized, 
beaause  in  summer  a  large  consumption  is  coincident  with  a  small 
bacterial  content,  and  the  entire  filter  area  can  be  used  for  single 
filtration  to  secure  the  full  hygienic  efiect;  while  during  fall  and 
spring  the  more  difficultly  filtered  raw  water  is  coincident  with  a 
smaller  consumption,  allowing,  therefore,  on  account  of  the  more  ample 
area,  a  part  of  the  filter  area  to  be  used  as  preliminary  and  the  remain- 
der as  final  filters.  In  Bremen,  the  new  area,  designed  in  the  year  1892, 
for  single  filtration,  did  not  have  to  be  enlarged  when  in  1895  double 
filtration  was  introduced. 

All  existing  filters  are  in  continuous  service,  including  the 
reserve  filters.  The  difference  in  the  quantity  of  water  consumed 
is  met  by  a  careful  change  in  the  filter  velocity,  as  far  as  the 
clear- water  reservoirs  are  not  capable  of  compensating  for  these 
variations. 

The  maximum  yield  of  filtered  water  was  2.4  cu.  m.  in  24  hours  per 
square  meter  of  filtering  surface.  The  average  yield  for  the  year 
1900-01  was  1.54  cu.  m.,  and  in  the  year  1901-02,  1.67  cu.  m. 

The  filtering  periods  between  consecutive  cleanings  range  from  a 
minimum,  at  a  time  of  high  water,  of  about  7  days  to  a  maximum  of 
fl,bout  120  days,  the  average  being  about  30  to  35  days.  During  the 
maximum  periods  the  filters  are  generally  used  for  quite  a  time  as 
final  filters,  during  which  the  loss  of  head  increases  very  little  or  not 
at  all. 

The  loss  of  head  directly  after  cleaning  is  about  3  to  5  cm.,  and  it 
increases  until  at  the  end  of  the  jaeriod  it  is  about  70  cm. 

At  each  cleaning  there  is  removed  from  2  to  3  cm.  of  sand;  that  is, 
in  the  case  of  a  filter  having  a  surface  area  of  1  200  sq.  m. ,  the  total 
volume  of  sand  removed  ranges  from  24  to  86,  and  averaging  30  cu. 
m.  The  scraping  of  a  filter  of  this  size  is  done  by  ten  men  in  ten 
woi'king  hours. 

The  sand  is  not  transported  from  the  filter  to  the  sand-washer  at 
the  time  of  scrajiing,  but  is  moved  at  some  other  convenient  time.  In 
a  similar  manner,  the  washed  sand  is  transported  from  the  washing 
plant  to  the  clean-sand  pile  as  convenience  allows. 

Sand-washing  facilities,  with  storage  areas,  must  be  provided  at  filter- 
works.    In  Bremen,  washers  of  the  revolving-drum  tyi^eare  used.    The 
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wash-water  operates  a  (patented)  water  motor  which  drives  the  drums 
and  the  sand  elevator.  The  general  arrangement  of  the  plant,  which 
was  designed  by  the  writer,  is  shown  in  Fig.  2,  Plate  XIII. 

In  washing  the  sand  with  this  newest  sand-washer,  the  services  of 
one  man  are  necessary.  He  washes  in  one  hour  2  cu.  m.  of  sand,  using 
7  to  8  volumes  of  water  to  1  volume  of  sand.  This  record  of  the  water 
used  includes,  not  only  that  used  in  the  washer  itself,  but  also  that 
necessary  for  turning  the  wash-drum  and  in  operating  the  sand- 
elevator.  The  pressure  of  the  water  used  for  washing  is  from  80  to 
35  lbs. 

The  injector  system  of  washing,  used  at  some  places  in  England 
and  America,  also  in  Hamburg,  requires  20  to  30  cu.  m.  of  water  for 
1  cu.  m.  of  sand.  The  larger  consumption  of  water  in  this  case  is  due 
to  the  fact  that  the  water  and  sand  move  in  the  same  direction,  while 
the  advantage  of  the  drum  washing  is  due  to  the  fact  that  these  direc- 
tions are  opposite.  The  advantages  formerly  accredited  to  the  injector 
system,  namely,  that  only  the  wash-water  was  required  for  them,  that 
they  could  easily  be  decentralized,  and  that,  therefore,  there  was  a 
saving  in  the  transportation  of  sand,  are  now  exceeded  by  the  system 
of  drum  washing,  because  the  quantity  of  water  which  must  be 
brought  to  the  site  through  pipes  is  much  smaller. 

In  refilling  filters  with  the  clean,  washed  sand,  including  the 
transportation  from  the  clean-sand  pile  to  the  filter  and  spreading  it 
upon  the  latter,  there  are  required  for  each  cubic  meter  of  sand  from 
3  to  3|  hours'  labor  for  one  man. 

The  entire  operation  of  the  filters,  consisting  of  cleaning,  refilling, 
sand  washing,  and  expense  for  double  filtration,  costs  in  Bremen,  for 
1  cu.  m.  of  filtered  water,  annually,  0.166  i)f.  ($1.52  per  million  U.  S. 
gallons).  The  entire  annual  cost  of  the  water,  including  maintenance 
of  the  distribution  system,  which  for  Gex'man  conditions  is  quite  elabo- 
rate, including  also  interest  and  sinking  fund, which  together  are  reck- 
oned at  6h%,  is  8.4  pf.  (2.1  cents)  for  1  cu.  m.  dehvered  into  the  high- 
level  reservoir,  or  about  S75  per  million  U.  S.  gallons.  The  wages  of  a 
common  laborer  are  3.5  marks  (§0.84)  per  day. 
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DISCUSSION. 


Mr.  Kiersted.  W.  KiERSTED,  M.  Am.  Soc.  C.  E.  (by  letter).— The  writer  lias  read 
this  paper  with  much  interest,  particularly  as  it  records  the  methods 
of  ojierating  sand  filters  abroad  and  indicates  the  character  of  super- 
vision needed  to  insure  successful  results  in  filtering  public  water 
suijplies.  The  description  is  confined  to  the  slow  sand  or  biological 
filter,  the  merits  of  which  has  been  long  and  successfully  established^ 

It  is  generally  recognized  that  the  successful  operation  of  any  kind 
of  water-purification  plant  requires  skilled  supervision,  but  it  is  im- 
portant that  the  mechanical  control  of  the  filter  should  be  so  complete 
and  the  necessary  examination  of  the  water  so  standardized  that  the 
amount  of  skilled  supervision  can  be  safely  reduced  to  a  minimum,  in 
the  interest  of  economy  of  operation. 

Long  experience  with  biological  filters  abroad  has  doubtless 
developed  structural  standards,  a  permissi?)]e  range  of  filter  velocity, 
and  approved  methods  of  filter  manipulation,  which,  when  duly 
regarded,  insure  exposure  of  the  water  to  the  biological  processes  in  a. 
ripe  filter  long  enough  to  become  practically  purified  and  perfectly 
wholesome,  provided  the  raw  water  as  introduced  into  the  filter  is  not 
too  turbid.  Thus  far,  efforts  seem  to  have  been  directed  toward  the  perfec- 
tion of  standards  governing  the  purity  andwholesomeness  of  theouti^ut 
of  the  filter.  Such  standards  are  absolutely  essential,  of  course,  and, 
when  once  established,  they  must  control,  within  practical  limitations. 
Ib  order  to  conform  to  them  in  practice,  it  becomes  necessary  to  vary 
somewhat  the  manipulation  of  the  filter,  according  to  the  character  of 
the  raw  water  introduced — the  morcturbid  the  raw  water  is,  the  slower 
must  be  the  velocity  of  filtration  in  order  to  meet  the  requirements  of 
the  controlling  standard  of  ijurity.  But,  as  the  author  has  well  stated, 
"  the  possibility  of  reducing  velocity  in  jsractice  soon  reaches  an  end,'* 
and  he  proposes  double  filtration  as  a  means  of  securing  a  filtrate  of 
the  desired  purity  without  a  prejudicial  change  of  filtration  velocity, 
whenever  the  turbidity  and  bacterial  contents  of  the  water  exceed 
that  which  admits  of  conformity  to  the  standard  of  purity  after 
single  filtration. 

Doubtless  double  filtration,  as  practiced  in  Bremen,  fills  the 
requirements  of  the  situation  admirably,  as  it  is  necessary  for  only  a. 
brief  period  of  each  year.  But,  if  the  usual  condition  of  the  river 
water  were  one  of  a  high  degree  of  turbidity,  the  writer  believes  the 
investment  in  filters  of  sufficient  cajiacity  for  double  filtration  reg- 
ularly practiced  would  prove  greater  than  an  investment  in  a  com- 
bination of  settling  basins  and  single-filtration  filters  accomplishing 
equally  good  results. 

Many  rivers  in  the  United  States  furnish  water  of  so  great  a  degree 
of  turbidity  for  the  greater  portion  of  each  year  that  thorough 
preparation  of  the  water  in  advance  of  filtration  is  required. 
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Thus  far,  sedimentation  in  settling  basins  has  proved  the  best  Mr.  Kiersted, 
method  for  preparing  the  Avater  for  filtration.  However,  with  many 
waters,  rheniical  treatment  in  the  settling  basin  is  imperative  in  the 
proper  reduction  of  turbidity,  and  by  its  assistance  it  is  believed  the 
turbidity  may  be  so  reduced  that  single  filtration  will  afford  a  perfectly 
wholesome  water  after  the  filter  is  in  proper  condition  for  biological 
work. 

The  writer  believes  that  a  standard  should  be  adopted  for  the 
turbidity  of  a  water  admitted  to  a  biological  filter,  as  in  this  way  alone 
can  a  uniformity  of  filtering  velocity  and  of  manipulation  be  secured 
which  enables  a  filter  to  deliver  uniformly  an  acceptable  i)roduct. 
He  would  make  filtration  altogether  a  refining  process,  and  would 
meet  the  fluctuation  of  turbidity  of  the  raw  river  water  in  the  settling 
basins  and  there  modify  the  manipulation  and  ti-eatment  of  the  raw 
water  to  suit  its  changeable  physical  characteristics. 

Incidentally,  there  will  be  a  reduction  of  bacteria  during  the 
partial  clarification  process  in  the  settling  basin,  but  the  writer 
would  fix  no  standard  for  bacteria  reduction  during  this  process,  as 
this  is  obviously  the  work  which  the  biological  filter  is  expected  to 
perform. 

The  adoi^tion  of  such  a  standard  for  the  raw  water  would 
result,  among  other  things,  in  minimizing  the  amount  of  skilled 
Attention  required  in  the  operation  of  the  water  purification  plant, 
because  the  conditions  surrounding  the  operation  of  the  filters  would 
be  more  nearly  uniform,  day  after  day,  and  the  variation  of  the 
physical  charact'eristics  of  the  water  would  be  readily  observable  in 
an  open  settling  basin  and  controlled  accordingly.  Moreover,  it  is 
believed  to  be  cheaper  to  remove  the  accumulation  of  sediment  from 
a  settling  basin  than  from  a  filter. 

It  is  admitted,  however,  that  some  skilled  attention  is  required  to 
operate  a  settling  basin  successfully,  particularly  where  circumstances 
require  the  use  of  a  coagulant.  But,  in  this  regard,  methods  can  be 
so  thoroughly  standardized  that  the  skilled  supervision  can  be  made 
a  comparatively  easy  matter. 

Howard  W.  Underwood,  Jun.  Am.  Soc.  C.  E. — In  his  descrij^tion  Mr.  Unrier- 
of  the  Bremen  filters,  Mr.  Goetze  has  called  attention  to  many  inter- 
esting points  connected  with  their  operation.  One,  which  is  espe- 
cially interesting,  as  it  is  a  method  differing  from  that  used  in 
America,  is  the  transportation  and  washing  of  sand,  and  it  will,  per- 
haps, be  of  interest  to  describe  the  methods  used  at  the  Philadelphia 
filters,  and  trace  the  progress  made  there. 

Two  systems,  known  as  the  Upper  and  Lower  Roxborough  filters, 
have  been  completed  and  in  operation  for  some  time  at  Philadelphia. 
At  the  Lower  Roxborough  filters,  for  some  time  after  they  were 
started,  the  dirty  sand  was  removed  from  the  beds  in  wheel-barrows 
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Mr.  Under-  and  washed  at  a  convenient  time.  In  March,  1903,  pressure  and  dis- 
charge pipes  were  placed  in  the  filters,  and  since  then  the  dirty  sand 
has  been  transported  from  the  V)ed  directly  to  the  washers  by  a  j^ort- 
able  ejector  under  water  pressure.  After  passing  through  the 
washers,  the  sand  is  transported  by  water  to  the  clean-sand  pile. 

The  ejector  is  simply  a  hopper  in  which  a  horizontal  jet  of  water 
passes  through  a  sprayer  pipe  and  flushes  the  sand  down  toward  the 
nozzle.  Ordinary  heavy  fire-hose  is  used  to  connect  the  ejector  with 
the  permanent  iron  pipes,  which  extend  through  the  center  of  the 
filter.  The  dirty  sand  is  not  only  removed  from  the  bed  by  the  ejec- 
tor, but  is  also  washed  and  delivered  to  the  clean-sand  pile,  without 
extra  labor.  The  force  required,  therefore,  is  only  large  enough  to 
keep  the  filters  scraped,  as  the  men  work  at  this  all  the  time. 

No  additional  water  is  required,  as  the  ejector  does  the  greater  part 
of  the  washing,  and  not  all  the  hoppers  in  the  washer  are  required,  as 
compared  with  washing  directly  from  the  pile. 

At  Lower  Roxborough,  with  one  ejector  and  a  pressure  of  from  55- 
to  60  lbs.,  from  4  to  7  cu.  yds.  of  sand  per  hour  are  removed  and 
washed  by  four  men,  using  from  2  80O  to  3  000  galls,  of  water  per 
cubic  yard;    or,   in  other  words,  from  14  to  15  volumes  of  Avater  to 

1  volume  of  sand. 

At  Upper  Roxborough,  with  two  ejectors  and  a  pressure  of  from 
80  to  90  lbs.,  from  14  to  18  cu.  yds.  of  sand  per  hour  are  removed  and 
washed  by  seven  men,  using  from  2  200  to  2  400  galls,  of  water  per 
cubic  yard,  or  from  11  to  12  volumes  of  water  to  1  volume  of  sand. 

The  total  cost  of  scraping  the  filters,  removing  and  washing  the 
sand,  including  all  changes  in  the  pipe,  and  the  cost  of  water,  varies 
from  40  to  60  cents  per  cubic  yard. 

The  total  filtering  area  at  Lower  and  Upper  Roxborough  is  8.25 
acres,  and  eight  men  are  constantly  engaged  in  scraping,  removing 
and  washing  the  dirty  sand,  which  amounts  to  about  1  000  cu.  yds. 
per  month. 

This  demonstrates  the  effectiveness  of  the  ejectors  for  cleaning  a 
filter  quickly,  and  also  shows  a  great  reduction  in  cost,  as  compared 
with  removal  by  wheel-barrows  and  washing  later. 

As  to  the  relative  cleanness  of  the  sand:  Before  the  ejector  was  in- 
stalled, five  hojapers  were  used,  and  the  turbidity  of  the  average  scrap- 
ings, about  40  000  to  50  000  parts  per  million,  was  reduced  to  about 

2  000  parts  per  million.  At  Uj^per  Roxborough,  at  present,  the  eject- 
or and  one  hopper  are  used,  and  the  turbidity  of  from  40  000  to 
50  000  parts  per  million  is  reduced  to  about  500  parts  per  million.  As 
the  sand  is  delivered  from  the  ejector  pipe,  it  has  a  turbidity  of  from 
1  200  to  1  500  parts  per  million,  and  with  proper  means  of  removing 
the  dirty  water,  it  is  believed  that  the  ejector  will  give  siifficient 
washing. 
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Fig.  1.  -General  View  op  Sand- Washer  and  Piping  at  Upper  Roxborough  Filters, 
Philadelphia,  Pa. 


Fig.  2.— Piping,  Troughs,  Etc..  of  Sand- Washer,  Upper  Roxborough  Filters, 
Philadelphia,  Pa. 
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The  avera^ice  length  of  run   on  the   R<)xl)oiou}>;h    filters   is   about  Mr.  Under- 
35   days,  and  a  rate  of    about  3  000  000   flails,    per   acre  per  day  is 
maintained.      From    1|    to    li    ins.   of    sand    ai-e    removed    at    each 
scraping. 

William  B.  Fuller,   M.   Am.-  Soc.   C.    E. — The  speaker  has  been  Mr.  w.  B. 

Fuller 
very  much  interested  in  the  description  of  the  working  of  the  Bremen 

filters,  and  especially  in  the  ingenious  method  used  to  secure  the 
benefits  of  double  filtration  of  the  water  coming  from  filters  when 
first  put  in  commission. 

The  principle  of  retiltcriug  the  first  part  of  the  run  of  a  newly 
scraped  filter,  where  it  would  be  uneconomical  to  allow  this  filtrate  to 
run  to  waste,  is  certainly  in  line  with  the  best  practice  of  filter  opera- 
tion, but  the  speaker  would  hesitate  to  recommend  the  accomplishing 
of  this  object  in  the  manner  described  by  the  author. 

One  of  the  fi^rst  tenets  in  the  design  of  slow  sand  filters  in  America 
has  been  to  make  them  as  near  fool-proof  as  possible,  and  to  take  espe- 
cial care  that  there  are  no  channels  through  which,  either  by  accident 
or  design,  raw  water  can  be  run  to  the  filterod-Avater  conduits  without 
passing  through  a  sand  layer. 

It  is  feared  that  the  existence  of  a  by-pass  may  prove  too  great  a 
temptation  to  a  foreman  desirous  of  making  a  record  for  long  runs 
between  scrapings,  and  the  resulting  economy  of  maintenance,  and  it 
is  customary  on  this  account  to  provide  only  one  by-pass  between  raw 
and  filtered  water  for  use  in  case  of  accident,  this  by-pass  being 
strongly  guarded  with  locks  and  seals  so  that  it  cannot  be  opened 
without  the  knowledge  of  those  highest  in  authority. 

In  the  design  shown,  the  seal  of  the  siphon  may  be  accidentally  or 
designedly  maintained  after  changing  to  single  filtration,  and  in  this 
manner  raw  water  could  be  delivei-ed  directly  into  the  filtered-water 
conduit. 

The  additional  first  cost  of  construction  is  also  a  bar  to  the  adop- 
tion of  the  method  described,  as  it  may,  and  often  does  happen,  that 
periods  of  greatest  turbidity  are  coincident  with  periods  of  greatest 
consumption. 

In  America  no  definite  rule  has  been  laid  down  for  guidance  in  the 
operation  of  filters,  but  it  is  customary  to  assume  a  sufficient  purifica- 
tion if  the  average  of  the  effluent  from  all  filters  gives  a  bacterial  con- 
tent of  less  than  100  per  cubic  centimeter. 

If  the  principle  is  recognized,  however,  that  the  filtrate  from  each 
filter  shall  have  less  than  the  above  bacterial  content  before  enter- 
ing the  filtered-water  conduit  there  will  be  no  additional  first  cost 
in  the  double  filtration  proposed,  as  in  any  case  provision  would  have 
to  be  made  in  the  design  for  additional  filters  to  take  the  place  of  those 
in  the  process  of  ripening. 

In  a  design  with  which  the  speaker  is  now  connected  the  principle 
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Mr.  w.  H.  has  been  recognized  that  it  is  the  best  practice  not  to  turn  the  first  fil- 
trate from  a  newly  scraped  filter  into  the  filtered-water  condiiit,  and 
provision  is  made  for  the  wasting  of  this  water  to  an  effluent- drain 
reservoir  from  which  reservoii'  all  water  required  for  transporting  and 
washing  sand  is  to  be  pumped.  This  water  can  also  be  jjumised  back 
into  the  raw-water  conduit  if  the  sand  washing  and  transportation 
does  not  require  its  use,  and  this  cost  of  pumping,  which  is  very 
small,  owing  to  the  small  lift,  is  believed  to  be  a  good  investment  as 
an  insurance  against  the  improper  use  of  by-passes. 

Should  the  water  from  single  filtration  show  turbid  in  the  effluent, 
the  i-emedy  recommended  by  the  speaker  would  be  a  ijreliminary  fil- 
tration through  a  mechanical  filter  run  at  a  high  rate  and  without 
coagulant. 

The  author  appears  to  be  a  great  champion  of  automatic  regula- 
tion, having  automatic  regulators  on  both  the  raw-water  inlet  and  on 
the  flltered-water  outlet.  This  may  be,  and  probably  is,  the  best 
method  for  small  plants  receiving  raw  water  under  pressure,  but  the 
speaker  is  opposed  to  their  use  where  they  can  be  avoided. 

The  taking  of  the  raw  water  from  a  large  reservoir  of  constant 
level,  and  the  control  of  the  effluents  from  a  large  number  of  filters 
from  a  central  house  by  hand  regulation  appears  to  him  to  present  a 
more  nearly  fool-proof  combination  than  automatic  regulation. 

The  author  is  wrongly  informed  as  to  the  volume  of  water  required 
for  washing  sand  by  the  injector  system,  as  the  jjoorest  ejectors  in  use 
at  any  of  the  plants  known  to  the  speaker  do  not  require  more  than  15 
volumes  of  water  to  1  of  sand,  and  the  newest  types  compare  favor- 
ably with  the  volumes  required  by  the  washer  described  by  the  author, 
with  the  additional  advantages  of  transjiorting  the  washed  sand  to 
any  distance. 
Mr.  Soper.  Geoisge  A.  SoPER,  Assoc.  M.  Am.  Soc.  C.  E. — This  jjaper  describes 
in  a  clear  and  instructive  manner  how  its  author  has  solved  one  of  the 
most  common  and  unsatisfactory  problems  of  water  purification.  It 
is  easy  to  filter  the  water  of  the  Weser,  at  Bremen,  under  ordinary  cir- 
cumstances, but,  at  times,  it  may  become  very  difficult.  In  fact,  it  is 
impossible  to  remove  the  impurities  by  a  single  filtration,  and  it  be- 
comes necessary  to  pass  the  water  a  second  time  through  the  filter 
bed. 

In  the  purification  of  river  waters,  it  may  be  said  that  such  condi- 
tions are  the  rule  in  many  of  the  Central  and  Eastern  States.  The  fre- 
quency with  which  the  periods  of  difficulty  are  met,  and  their  duration 
and  severity,  are  the  important  influences  in  deciding  the  means  for 
assisting  the  filters.  If  exceptionally  roily  water  is  to  be  encountered 
only  three  or  four  times  a  year,  as  at  Bremen,  such  an  arrangement  as 
that  described  by  the  author  may  offer  the  best  solution.  If  the  water 
is  more  often  turbid,  and  the  impurities  to  be  removed  are  excessive 
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in  amoiiat,  it  may  be  desirable  to  use  large  settling  basins,  as  are  Mr.  Soper. 
common  in  America,  or  tlie  snsi^ended  particles  may  be  jsrecipitated 
witb  chemicals,  as  in  the  United  States  and  in  some  places  in  Holland. 
If  the  streams  are  comparatively  short  and  the  intervals  of  turbidity 
brief,  the  plant  may  be  shut  down  entirely  until  the  worst  of  the  im- 
pure water  has  disappeared,  as  is  jjracticed  in  England.  Finally,  if 
the  effluent  of  a  filter  is  objectionable  only  because  of  its  bacterial 
contents,  the  water  may  be  sterilized,  for  example,  with  ozone,  as  has 
been  done  successfully  in  Germany. 

In  determining  in  a  precise  way  the  factors  ujwn  which  a  choice  of 
the  most  suitable  means  of  jircparing  a  water  for  filtration  depends, 
and  in  treating  it  after  filtration,  lies  an  important  field  for  further 
investigation. 

To  many  it  will  be  a  new  idea  that  a  water  may  need  any  other 
treatment  than  filtration,  for  there  is  a  general  impression,  outside  of 
the  engineering  profession,  and  among  some  persons  in  it,  that  if  a 
water  has  been  once  filtered  it  must  of  necessity  be  pure.  In  frankly 
acknowledging  the  limitations  of  the  filter  at  Bremen,  and  in  aff"ording 
means  for  understanding  wherein  these  limitations  lie,  the  author  has 
performed  a  useful  service. 

Those  who  have  had  occasion  to  design  or  operate  a  filtration  i^lant, 
with  a  water  which  is  usually  clear  but  sometimes  turbid,  know  the 
fallacy  of  supposing  a  filter  to  be  capable  of  heavy  work.  To  those 
who  have  a  practical  knowledge  of  water  purification,  it  is  evident 
that  the  capacity  of  filters  of  all  kinds  to  handle  suspended  matters  is 
limited,  and  that  the  conditions  under  which  they  can  be  operated 
safely  must  be  known  thoroughly  and  kept  in  mind  constantly  if  re- 
sults are  required  which  are  to  be  satisfactory  analytically. 

In  relation  to  this  it  may  be  interesting  to  recall  the  definition  of  a 
filter  given  by  the  pioneer  of  water  purification  in  America,  the  late 
James  P.  Kirkwood,  M.  Am.  Soc.  C.  E.  He  called  them  "screens  of 
the  greatest  delicacy."  To-day,  Mr.  Kirk  wood's  definition  is  illus- 
trative rather  than  accurately  descriptive.  Filters  are  more  than 
screens,  yet  they  are  like  delicate  screens  in  being  able  to  remove  fine 
particles  of  suspended  matter  and  at  the  same  time  unable  to  handle 
a  great  deal  of  it. 

Nothing  in  these  remarks  should  be  taken  to  indicate  that  the 
speaker  is  opposed  to  the  use  of  filters  in  the  purification  of  water 
supplies.  Engineers  are  forced  to  recognize  the  efficacy  of  filters  in 
many  ways  and  are  not  disposed  to  underrate  their  value.  They 
have  accomplished  inestimable  good  in  protecting  communities  of  all 
sizes,  from  small  villages  to  cities  of  the  first  class,  against  cholera, 
typhoid  fever,  and  other  infectious  diseases.  But  it  is  not  correct  to 
assume  that  the  whole  art  of  water  purification  rests  in  the  filters. 
In  the  speaker's  opinion,  a  broader  view  of  this  subject  should  betaken. 
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Mr.  Soper.  It  should  be  admitted  that,  for  successful  working,  water  filters  of  all 
kinds  must  be  bandied  with  great  care;  and  that  either  very  fine  or 
very  coarse  material,  or  a  great  deal  of  suspended  matter  of  any  kind, 
soon  jjuts  them  out  of  service. 

It  was  once  thought  that  the  structural  elements  of  rapid  water 
filters  could  be  designed  so  that  a  simple  combination  and  adjustment 
of  them  would  fit  them  to  any  water.  This  view  has  had  to  be  modified. 
Filters  are  not  as  elastic  as  they  were  formerly  thought  to  be.  The 
leading  question  to-day  is  not  how  to  adapt  filters  to  diilerent  waters, 
but  how  to  adapt  the  different  waters  so  that  they  can  be  handled  by 
the  filters. 

The  author  has  well  said  that  the  product  of  purification,  and  not 
the  percentage  of  removal,  should  be  the  standard  for  judging  the  suc- 
cess of  a  plant.  In  this  country  an  efiiciency  of  99%  in  removing- 
bacteria  is  generally  accejited  as  satisfactory  evidence  of  a  filter's 
capacity,  in  this  direction,  and  if  the  numbers  of  bacteria  found  in 
filter  effluents  do  not  exceed  200  per  cubic  centimeter,  as  determined  by 
American  methods,  it  is  often  conteuded  that  they  should  be  con- 
sidered satisfactory.  This  may  or  may  not  be  all  that  should  be 
demanded.  Much  depends  upon  the  character  of  the  im^miities  to  be 
dealt  with.  If  the  filter  is  built  to  jiurify  a  water  which  is  un- 
pleasant to  the  sight  and  taste,  and  there  is  no  special  need  of 
removing  bacteria,  one  may  be  satisfied  with  a  high  percentage  of 
removal  and  comparatively  large  numbers  of  bacteria  in  the  effluent. 
If,  on  the  other  hand,  as  most  often  occurs,  the  inirificaticu  plant 
is  intended  to  remove  color,  turbidity  and  sewage  bacteria,  the 
standard  by  which  the  operation  of  the  plant  should  be  judged  must 
be  the  amount  of  impurities  in  the  water  after  treatment.  As  long' 
as  rivers  and  streams  are  regarded  as  natural  sewers,  into  which  all 
manner  of  wastes  may  be  thrown  without  restriction,  plants  for  the 
purification  of  drinking  water  derived  from  these  streams  should  be 
built  so  as  to  remove  jjractically  all  the  bacteria.  In  accomplishing 
this  end,  it  will  be  necessary  to  take  into  account  many  processes 
which  were  formerly  considered  to  be  preliminary  or  supplemental, 
and  not  indispensable  to  purification  by  filtration.  The  so-called 
preliminary  processes  include  sedimentation  and  precipitation  by 
chemicals.  The  processes  by  which  water  may  be  purified  after 
passing  through  a  filter  are  not  as  well  known.  The  author  has  in- 
dicated one  of  them. 

There  seems  to  be  good  reason  to  believe  that  it  will  not  long  be 
beyond  the  range  of  practical  expediency  to  sterilize  public  water 
supplies  which  it  is  not  practicable  to  purify  adequately  by  a  single 
filtration.  Many  instances  of  late  have  served  to  call  attention  to 
sterilization.  The  question  has  been  discussed  before  engineering 
societies  in  America,  France  and  Germanv,  and  before  the  International 
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Congress  of  Hygiene  and  Demography.     There  are  a  great  many  ofti-  Mr.  Soper. 
cial  reports,  monographs  and  journal  articles  at  hand,  in  which  the 
views  of  many  scientific  investigators  have  been  expressed  in  favor  of 
sterilization. 

The  sterilization  of  public  water  supplies  is  not  a  new  idea.  It 
was  suggested  by  a  member  of  the  American  Society  of  Civil  Engineers 
in  1894,  and  the  same  gentleman  wrote  a  paper  on  the  subject  before 
this  Society  at  a  later  date.  The  process  advocated  was  distillation. 
Basing  an  estimate,  on  the  cost  of  distilling  a  supply  of  several  million 
gallons  of  water  per  day,  on  an  evaporative  efficiency  of  14.3  lbs.  of 
water  per  pound  of  coal,  it  has  been  stated  that  the  annual  cost  of 
supplying  distilled  water  to  a  community  of  40  000  people  would 
not  be  in  excess  of  $1  per  capita.  Since  this  estimate  was  given,  im- 
provements have  been  made  in  methods  of  evaporation,  which  would 
probably  reduce  the  cost  of  producing  very  large  volumes  of  distilled 
water.  A  plant  erected  for  the  United  States  Government  at  Fort 
Jefferson,  Dry  Tortugas,  with  a  daily  capacity  of  90  000  galls.,  has 
develojied  on  official  trial  an  efficiency  of  22.8  lbs.  of  water  per  i)ouud 
of  coal,  the  water  in  this  case  being  salt. 

The  present  outlook  is  not  unfavorable  for  the  use  of  chemical  ger- 
micides for  the  sterilization  of  water  on  a  large  scale.  The  germicides 
are  added  in  minute  quantity,  accomijlish  their  result  quickly  and  are 
removed  from  the  water  without  in  any  way  interfering  with  its 
attractiveness  or  hygienic  qualities. 

At  first  sight,  the  idea  of  killing  the  bacteria  in  water  before  drink- 
ing it  ajjpears  to  carry  with  it  serious  objections,  but,  upon  consider- 
ing the  matter  carefully,  it  will  be  evident  that  these  are  founded 
upon  mere  po^jular  prejudices  similar  to  those  held  against  the  use  of 
chemical  coagulants  in  rapid  filtration.  Arguments  brought  against 
the  w^holesomeness  of  sterilized  water  and  food  have,  in  the  average 
case,  but  little  scientific  foundation.  Sterilized  food  is  a  common 
article  of  commerce,  and  the  enormous  sale  of  canned  goods,  all  of 
which  are  sterile  and  a  very  large  projiortion  of  which  have  been 
treated  with  chemicals  to  help  flavor,  color  or  preserve  them,  is 
increasing.  Within  recent  years,  a  large  demand  has  grown  up  for 
sterilized  water  and  ice,  so  that  there  is  hardly  a  city  in  this  country, 
of  10  000  inhabitants  or  more,  which  has  not  a  plant  for  the  preparation 
of  these  conveniences. 

T.  H.  WiGGiN,  Assoc.  M.  Am.  Soc.  C.    E. — This  paper  i^resents  to  Mr.  Wiggin. 
the  speaker  four  more  or  less  separate  ideas  which  have  an  important 
bearing  on  the  present  design  of  slow  sand  filters. 

1. — The  main  idea  of  the  paper — that  double  slow  filtration  will 
produce  an  effluent  having  a  constantly  low  number  of  bacteria  at  all 
seasons,  and  not  merely  a  relatively  low  number  of  bacteria,  as  does 
single  filtration. 
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Mr.  \Vif;giu.  2. — A  suitable  Schlammdecke  is  only  obtainable  (in  a  reasonable 
time)  by  the  application  of  raw  water. 

3. — At  l(5ast  48  liours  filtrate  should  be  refiltered  or  wasted,  being 
likely  to  contain  an  excessive  number  of  bacteria. 

4. — Ejector  washers  are  not  as  economical  as  revolving  washers. 

The  ideas  will  be  referred  to  in  different  order,  beginning  with  the 
third. 

Of  course,  there  is  nothing  new  in  the  fact  that  the  water  filtered 
first  is  high  in  bacteria.  The  Germans  have  simply  arrived  at  a  higher 
standard  than  the  Americans.  Filtration,  here,  is  in  its  infancy,  and 
public  sentiment  is  hardly  educated  to  demand  any  filtration.  At  the 
same  time  it  would  add  not  a  very  large  proi^ortion  to  the  cost  to 
pump  up  and  refilter,  or  waste,  as  may  be  most  economical  in  the  par- 
ticular case,  the  first  48  hours'  flow  from  newly  scraped  filters.  If  the 
shortest  period  between  scrapings  were  ten  days,  it  would  take,  at 
most,  a  plant  of  about  one-quarter  more  capacity.  Time  will  create  a 
demand  for  this  in  this  coimtry.  Perhaj)s  engineers,  even  now,  could 
carry  it  through  in  cases  where  filtration  was  finally  adopted.  The 
effect,  on  the  average  quality  of  the  filtrate,  of  using  the  first  part  of 
runs,  evidently  depends  on  the  proportion  of  newly  washed  filters, 
and,  ordinarily,  the  visible  effect  in  a  large  plant  would  not  be  great. 

Regarding  the  fourth  idea,  the  speaker  believes  the  Philadelphia 
results,  and,  still  further,  the  results  of  some  other  jjlants  now  under 
construction  or  being  planned,  will  change  Mr.  Goetze's  views.  He 
is  evidently  unaware  of  the  present  development  whereby  sand  is  washed 
and  transported  at  the  same  time  direct  to  its  jjlace  in  another  filter, 
without  storage  or  rehandling.  The  author  does  not  give  details  of 
cost  of  washing  or  moving  sand  from  the  beds,  and  it  may  be  that 
some  of  our  present  plants  having  ejector  washers  would  compare 
favorably  in  the  cost  of  the  equivalent  items  for  ejector  washing.  The 
total  cost  per  million  gallons  ($1.52)  is  not  so  much  less  than  the  cost 
at  Albany,  for  example,  as  to  account  for  the  great  difference  in  wages. 
Only  a  detailed  account  of  cost  showing  what  items  are  included  in 
Mr.  Goetze's  cost  would  enable  this  question  to  be  decided. 

Referring  now  to  the  first  or  main  idea,  of  double  slow  filtration, 
there  can  be  no  dispute  that  this  accomplishes  "all  that  can  reason- 
ably be  expected  from  water  purification,"  at  least,  until  the  world 
has  moved  along  a  good  deal.  The  question  is,  can  it  be  accomplished 
more  cheaply  by  another  way?  The  speaker  thinks  there  are  very  few 
cases  in  this  country,  like  Bremen,  in  which  the  same  area  that  is  com- 
monly allowed  for  single  filtration  will  do  for  double  filtration  at 
times  of  high  water.  The  only  consumption  tal)les  the  speaker  has  at 
hand  are  those  of  the  Metropolitan  Water  District,  in  Massachusetts. 
The  amounts  for  1902  are  as  follows: 
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Mr.  WiuKin. 


Millions 

of  gallons 

per  day. 

Millions 

of  gallons 

per  day. 

Millions 

of  gallons 

per  day. 

Jan.,       118 

May,    106 

Sept.,  108 

Feby.,   117 

June,  110 

Oct.,     106 

March,  108 

July,    108 

Nov.,   105 

April,     103 

Aug.,  107 

Dec,    125 

It  is  evident  tbat,  in  Boston,  tbere  is  no  great  difference  between  the 
consumiJtion  in  periods  of  high  and  low  water.  The  author  gives  63  to 
100  mm.  per  hour,  as  the  velocity  in  the  preliminary  filter,  and  100  mm. 
or  more,  as  the  velocity  in  the  final  filter,  or,  say,  a  ratio  of  f  to  1. 

If  the  consumption  in  periods  of  high  water  were  ,     or  0.57  of 

that  for  which  the  filter  i)lant  were  designed,  then  it  would  be  possi- 
ble to  use  double  filtration  at  periods  of  high  water  without  increasing 
the  size  of  a  jjlant  designed  for  single  filtration  at  the  minimum  rate 
mentioned.  In  cases  where  the  consumption  is  practically  constant, 
evidently  about  three-fourths  more  filter  area  would  be  required  to  use 
double  filtration  on  the  basis  of  the  above  rates. 

The  tendency  of  American  ideas  seems  to  be  toward  rough  prelim- 
inary filtration  at  rates  and  by  devices  suggested  by  the  American  or 
rapid  system  of  filtration,  though  generally  without  the  use  of  chem- 
icals, with  subsequent  slow  sand  filtration  at  unusually  high  rates. 
This  method  would  result  in  a  comparatively  cheap  plant.  The 
method  of  the  author,  doubtless,  would  not  compare  with  it  in  cheap- 
ness. The  question  is,  whether  the  American  method  can  be  relied 
upon  to  approach  the  German  in  effectiveness.  The  results  of  the 
Philadelphia  and  Harrisburg  exjieriments  would  throw  great  light  on 
the  question,  and  their  publication  will  be  awaited  with  much  inter- 
est. Even  if  this  new  method  does  not  give  quite  as  good  results  as 
double  slow  filtration,  American  cities,  as  a  rule,  are  not  ready  for  the 
additional  cost  which  the  author's  method  would  entail. 

Regarding  the  second  idea,  that  raw  water  is  required  for  a  Sclilamm- 
decke,  this  has  a  direct  bearing  on  any  double  system  of  filtration.  If 
the  preliminary  filtration  is  pretty  comjjlete  in  removing  turbidity,  it 
would  seem  reasonable  that  it  might  be  desirable  to  have  provision 
for  admitting  raw  water  to  the  newly  scraped  filters.  A  comparatively 
small  pipe  would  do  this,  because  only  a  small  proportion,  say  one- 
tenth,  of  the  filters  would  be  using  raw  water  at  once.  Information 
on  the  necessity  of  this  provision,  for  the  new  American  system  of 
double  filtration,  from  Philadelphia  and  Harrisburg,  will  be  looked  for 
with  great  interest. 

Evidently,  a  little  excess  area  in  the  final  filters  would  be  required 
for  this  method  of  applying  raw  water  to  furnish  aSchlammdecke,  as  a 
slow  rate  for  the  raw  water  in  single  filtration  would  be  necessary  ; 
and  a  still  further  e.Kcess  would  be  needed  if  the  first  filtrate  were 
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Mr.  Wis^in.  '^brown  away  or  admitted  to  tlie  other  filters,  by  tlie  author's  method, 

by  pumping,  or  by  any  other  method. 
Mr.  Knowles.  MoKKis  Knoastles,  M.  Am.  Soc.  C.  E. — This  paper  is  interesting,  for 
several  reasons,  and  afifords  an  opportunity  of  comparing  European 
and  American  practice.  It  is  particularly  fortunate  that  there  has 
been  added  to  American  literature  the  views  of  a  European  engineer 
on  the  subject  of  filtration,  and  information  about  a  filter  plant  located 
in  a  country  where  so  much  attention  has  been  and  is  being  devoted  to 
this  subject. 

It  is  interesting  to  note  that  the  "number  of  bacteria  in  the 
effluent"  is  the  accepted  criterion  of  good  work,  rather  than  the 
"  percentage  of  removal."  This  is  to  be  commended,  and  should  be 
accepted  universally  by  students  of  filtration.  A  step  further,  and  one 
■which  is  receiving  more  recognition  in  America,  where  the  size  of  the 
plants  warrants  expenditures  for  such  studies,  is  the  investigation  into 
the  pathogenic  quality  of  the  bacteria  in  the  effluent,  at  least,  in  so  far 
as  this  is  indicated  by  the  presence  of  B.  Colon  Commu7iis,  the 
representative  bacterium  of  sewage  contamination. 

It  is  not  always  true  that  high  numbers  of  bacteria,  .above  100,  in 
the  effluent  from  a  filter,  indicate  a  water  unfit  to  use  for  domestic 
purposes,  if  the  large  numbers  in  the  raw  water  are  due  to  decaying 
vegetable  matter,  and  occur  with  a  siidden  rise  in  the  stream.  On  the 
other  hand,  the  character  of  the  effluent,  at  times,  may  be  damaged 
seriously  and  the  health  of  the  people  endangered,  even  though  the 
number  of  bacteria  remaining  in  the  effluent  is  not  larger  than  occurs 
"without  causing  comment;  although,  frequently,  however,  the  presence 
of  B.  Coli  is  accompanied  by  large  numbers  in  the  effluent,  but,  per- 
haps, not  more  than  are  just  as  often  present  without  such  dangerous 
association.  In  the  case  of  high  rates  with  sand  filters,  the  B.  Coli  test 
is  particularly  useful,  and  is  more  delicate  than  a  general  count  in 
determining  the  suitability  of  the  effluent. 

Too  great  emphasis  cannot  be  placed  upon  keeping  in  touch  with 
the  workings  of  the  filter  day  by  day.  Of  course,  this  is  much  more 
important  with  a  raj^id  or  mechanical  filter,  depending  upon  the  use 
of  a  coagulant  for  its  uniformity  and  stability  of  results;  but  it  is  also 
true,  although  to  a  less  degree,  with  the  slow  sand  filter,  even  thoiigh 
a  lack  of  attention  to  the  details  of  operation  is  not  usually  attended 
with  such  disastrous  results  as  in  the  former  case.  For  a  small  filter 
plant,  where  a  technical  laboratory  man  cannot  be  employed  con- 
stantly, and  where  chemical  and  bacterial  samples  must  be  sent  to 
outside  laboratories  for  analysis,  and  thus  such  tests  are  made  infre- 
quently, the  observation  of  the  turbidity  of  the  filtered  water  affords  a 
ready  and  prompt  means  of  determining  its  suitability  for  drinking 
purposes.  Not  only  if  mud,  or  finely  divided  clay,  is  passing  through 
the  filter,  is  it  likely  that  more  bacteria  than  usual  will  be  present  in 
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the  effluent,  but  it  is  also  true  that,  after  people  are  accustomed  to  a  Mr.  Knowles. 
clear  sparkliup;  water,  there  is  a  decided  dissatisfaction  if  turbid  water 
be  furnished,  and  it  is  proper  and  right  to  cater  to  this  desire  for  a 
"bright  water,  of  pleasant  appearance,  even  if  a  turbid  one  does  not 
always  indicate  a  less  healthful  water  with  more  bacteria  in  it. 

There  is  another  peculiar  factor,  accompanying  a  large  quantity  of 
mud  in  the  ap])lied  water,  which  the  speaker  has  noticed  several  times, 
notably  in  Philadelphia,  while  in  charge  of  the  tilter  testing  station, 
and  for  which  he  has  not  yet  been  able  to  present  a  satisfactory  ex- 
planation; that  is,  that  after  a  continued  spell  of  muddy  applied  water, 
when  the  effluent  begins  to  show  signs  of  turbidity,  the  number  of 
bacteria  in  it  increases  above  the  normal  amount.  This  was  true,  even 
though  the  numbers  in  the  raw  water  (probably  due  to  dilution)  were 
not  always  increased  excessively,  although  generally  somewhat  larger 
than  usual.  In  other  words,  high  numbers  in  the  raw  water,  when 
clear,  were  not  accompanied  by  correspondingly  high  numbers  in  the 
effluent,  but,  on  the  other  hand,  high  numbers  (perhaps  not  as  great 
as  in  the  former  case)  if  occurring  with  muddy  water  will  almost  always 
be  accompanied  by  a  great  number  in  the  effluent. 

In  regard  to  the  use  of  settling  basins,  the  speaker  cannot  agree 
with  the  author  that  their  use  will  not  render  it  admissible  to  cut  down 
the  number  of  filters;  nor  does  he  believe  that,  in  case  of  muddy  water, 
settling  basins  can  be  dispensed  with  and  more  filters  used,  so  as  to 
operate  at  a  lower  rate.  First,  assuming  that  the  applied  water  is 
muddy  only  at  infrequent  intervals,  the  use  of  the  lower  rate,  in  a  case 
of  having  additional  filters,  or  the  use  of  the  settling  basins,  will  only 
be  required  a  part  of  the  time;  thus,  it  is  best  to  have  the  least  ex- 
pensive construction,  viz.,  settling  basins,  which  will  cause  lower  fixed 
charges  on  that  part  of  the  plant  in  use  only  a  part  of  the  time.  In 
the  case  of  water  being  very  muddy  all  the  time,  some  means  of 
coagulation  may  become  necessary,  which  is  accomplished  best  in 
settling  basins.  If  settling  basins  of  less  capacity  (probably  about  one- 
half)  are  required  for  continuous  use,  as  compared  with  intermittent, 
quiescent  operation,  it  can  hardly  be  said  that  the  result  is  the  same 
in  each  case  for  an  equal  expense. 

It  is  to  be  noted  that  the  rate  of  filtration  in  German  cities  is  much 
lower  than  in  America,  the  maximum  being  lower  than  the  average  in 
most  cases  here.  Recent  investigations  in  America  have  shown  that 
rates  as  high  as  5  000  000  and  (5  000  000  galls,  per  day  to  the  acre,  for- 
merly thought  quite  excessive,  can  be  used  in  many  places  with  good 
results,  when  the  water  is  not  too  muddy.  It  must  not  be  thought, 
however,  that  it  will  be  safe  to  run  such  high  rates  with  all  waters, 
and  first  a  study  must  be  made  to  ascertain  the  results  from  high  rates 
for  all  seasons,  before  deciding  ui^ouits  api^lication  in  any  given  case. 
But  the  fact  remains,  that  the  German  rate  is  about  one-half  or  two- 
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Mr.  Kiiowles.  thirds  as  much  as  has  been  recognized  as  allowable  for  most  waters  in 
this  country,  and  this  is  especially  noticeable  if  the  bacteria  and 
turbidity  given  in  the  tables  are  a  reasonable  indication  of  the  general 
average  conditions  abroad. 

The  author  has  carefully  called  attention  to  the  fact  that,  in  his 
practice,  very  high  numbers  of  bacteria  in  the  apjjUed  water  are  accom- 
panied by  poor  results  in  the  eiJluent.  In  the  tables  presented  in  the 
paper,  this  appears  to  be  true  of  the  effluent  from  the  first  filtration, 
although  the  highest  numbers  in  the  raw  water  are  not  as  high  as 
occur  frequently  in  the  waters  of  American  rivers.  It  has  been  noticed 
in  this  country,  however,  that  the  character  of  the  effluent  remains 
practically  the  same,  and  low  in  the  number  of  bacteria,  even  though 
those  in  the  raw  or  applied  water  run  up  to  hundreds  of  thousands, 
l^rovided  the  river  is  not  too  muddy,  as  mentioned  previously.  In 
order  to  make  this  clear  and  show  that  the  effluent  of  sand  filters, 
when  they  are  in  good  condition,  is  not  jiroportional  to  the  numbers 
in  the  applied  water,  the  speaker  had  prepared  two  diagrams  showing 
the  results  obtained  at  Pittsbiirg,  Pa.,  and  at  Lawrence,  Mass., 
with  experimental  filters.  Both  diagrams  show  numerous  instances 
when  excessive  numbers  in  the  applied  water  are  not  accompanied 
by  proportionately  high  numbers  in  the  effluent,  and  in  several 
cases  are  fully  as  low  as  the  average  of  those  which  occur  ordinarily 
in  the  filtered  water.  On  the  Pittsburg  diagram,  the  turbidity 
of  the  river  water  is  also  plotted,  and,  in  many  instances,  the  high 
numbers  in  the  effluent  are  preceded  by  muddy  applied  water. 
The  injurious  effects  of  the  winter  weather  upon  these  exposed 
open  filters  stands  out  very  clearly,  and  several  instances  of  disturb- 
ances, due  to  cracks  in  the  walls,  and  manipulations  occasioned  by  the 
experimental  nature  of  the  filters,  are  to  be  noted.  On  the  whole, 
however,  the  general  height  of  the  effluent  line  is  below  100  on  the 
scale,  except  in  sevei'e  weather,  and  it  does  not  always  follow  the  line 
representing  the  applied  water.  Scrapings  and  disturbances  of  all 
kinds  are  more  noticeable  on  the  Pittsburg  diagram  than  on  the  Law- 
rence one,  as  the  latter  shows  distinctly  that  the  effluent  remains  in 
good  condition  practically  all  the  time.  It  should  also  be  noted  that 
the  Merrimac  River  water  does  not  have  such  high  bactex'ial  counts 
and  does  not  contain  as  much  mud  as  the  Allegheny. 

In  reference  to  the  depth  of  sand  which  in  Bremen  is  allowed  to  re- 
main in  place  before  refilling,  viz.,  aboiit  16  ins.,  which  is  generally 
less  than  is  allowed  in  this  country,  the  writer  does  not  state  whether, 
at  the  time  of  such  refilling,  a  large  quantity  of  sand,  say  from  6  to  10 
ins.,  is  removed,  or  else  shoveled  over  and  placed  on  top  of  the  fresh, 
or  newly  washed  sand.  This  is  the  practice  in  this  country,  and  is 
done  so  that  there  shall  be  no  subsurface  clogging,  as  w'ill  occur 
if  a  portion  of  dirty  sand  is  left  below  a  clean  body  of  washed 
sand. 
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TABLE     7. — Eesults  with    Experimentai,    Sand    Fllters    at      Mr.  Knowles. 
Pittsburg,   Pa. 

Showing  Number  of  Bacteria  per  Cubic  Centimeter  in  Effliients  for 
each  of  the  First  Five  Days  after  Scraping;  Comiaared  with  the 
Average  for  the  Run  (Omitting  the  Record  on  the  First  Day). 
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96 
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In  regard  to  wasting  the  water  from  a  filter  immediately  after  clean- 
ing, the  speaker  believes  that  in  most  cases  this  is  an  unnecessary 
refinement,  unless  the  conditions  are  known  to  be  unusual  and  likely 
to  i>roduce  bad  results.  There  is  jiresented,  in  Table  7,  the  results 
of  the  first  few  days  of  several  runs  of  the  Pittsburg  experimental 
filters,  which  show  conclusively  that  the  number  of  bacteria  during 
the  first  24  and  48  hours  after  scraping  are  not  dangerously  higher 
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.Mr.  Knowles.  than  those  for  five  (lays,  or  indeed  for  the  average  of  the  whole  ijeriod. 
In  the  cases  given  in  the  table,  the  rate  of  filtration  for  the  first  24 
hours  after  scraping  ranged  from  oOO  000  to  3  000  000  galls,  jjer  day, 
so  that  the  applied  water  would  apjjear  in  the  efiluent  from  8  to  10 
hours  after  starting. 

In  many  of  the  instances  where  the  numbers  during  the  first  two 
days  are  high,  the  apjilied  water  was  more  than  iisually  muddy  ;  in 
fact,  the  filter  was  put  out  of  service,  due  to  the  quantity  of  mud,  and 
quickly  started  again,  which  dosed  a  raw  filter  surface  heavily  and 
which  need  not  occur  in  the  operation  of  a  municipal  jjlant  with  the 
usual  reserve  area. 

The  same  story  is  told  by  the  results  obtained  with  the  Lawrence, 
Mass.,  city  filter,  as  tabulated  by  Charles  G.  Hyde,  Assoc.  M.  Am, 
Soc.  C.  E.,  and  the  sijeaker.*  It  may  be  seen  here  that  the  difference  in 
the  character  of  the  effluent  before  and  after  scraping,  even  with  most 
of  the  filter  surface  disturbed,  practically  does  not  amount  to  any- 
thing. It  is  important  to  dwell  upon  this  point  because  of  the  fre- 
quent and  erroneous  statements  made,  that  the  effluent  from  a  sand 
filter  must  be  wasted  for-  some  little  time  after  scrajsing.  All  such, 
precautions,  while  duly  conservative,  diminish  the  yield  and  filter 
capacity  unnecessarily.  It  is  much  better,  in  the  speaker's  opinion, 
if  such  precaution  is  necessary,  to  provide  a  reserve  filter  area,  which 
is  needed  for  many  other  reasons,  and  depend  upon  a  short  period  of 
rest  after  filling  and  then  start  with  slow  accelerations  in  the  rate. 

The  foregoing  statement  can  be  applied  to  double  filtration,  espec- 
ially in  reference  to  waters  containing  no  higher  numbers  of  bacteria 
than  appear  in  the  tables  presented  by  the  author.  For,  while  the  efflu- 
ents of  the  preliminary  filters  cannot  be  considered  satisfactory,  as 
given,  it  appears  unexplainable  to  the  speaker  why  better  results,  or 
as  good  as  found  in  the  final  filter,  should  not  be  obtained  with  a  raw 
water  no  worse  than  is  shown.  The  author  states  that  a  double  filter 
is  never  an  error.  While  this  may  be  true,  from  the  scientific  and 
bacterial  standijoint,  the  monetary  phase  must  be  considered,  and 
many  places,  now  having  water  improved  by  filtration,  would  never 
have  thought  it  possible  to  incur  the  expense  of  purification  if  double 
filtration,  meaning  almost  double  the  cost,  were  necessary.  In  this 
country,  with  the  lavish  use  of  water,  occasional  demands  for  maxi- 
mum quantities,  frequently  25  or  30  %  greater  than  the  average,  are 
just  as  likely  to  come  at  a  time  when  a  sudden  downpour,  or  rainy 
weather,  has  produced  a  muddy  stream.  While  it  is  generally  true 
that  turbid  waters  occur  in  the  spring  and  fall,  the  most  difficult 
waters  to  treat  are  frequently  seen  in  the  winter,  or  in  the  midst  of 
summer  weather,  when  the  demand  for  water  to  i^revent  freezing  of 
pipes  (in  the  first  season)  and  for  sprinkling  purjjoses  (in  the  second) 

*  Tiansactions,  Am.  Soc.  C.  E.,  Vol.  XLVI,  p.  304. 
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has  brought  the  use  to  the  maximum.     Thiis  double  filtration  in  Amer-  Mr.  Knowles. 
ica  means  twice  the  filter  area. 

The  statement,  that  double  filtration  has  always  succeeded  in  pro- 
viding perfectly  clear  water,  is  a  gratifying  one  ;  but  the  speaker  won- 
ders whether  sedimentation,  either  with  or  without  coagulation,  as 
the  necessity  demands,  with  one  filtration,  would  not  have  produced 
the  same  result  at  a  less  total  cost.  The  use  of  a  coagulant  is  an  ex- 
pense solely  at  the  time  of  application,  while  the  fixed  charges  for 
additional  filters  arc  a  constant  source  of  drain.  It  is  surprising,  to 
say  the  least,  referring  to  Page  283,  third  Paragraph,  that  any  one 
should  think  of  double  filtration  for  a  water  which  has  come  from  the 
first  filter  with  only  40  bacteria  per  cubic  centimeter. 

The  use  of  automatic  devices,  both  on  the  inlet  and  outlet,  is  to  be 
commended.  This  is  esijecially  true  as  the  novelty  of  such  works  for 
the  purification  of  water  is  disappearing,  and  mankind  is  i^roverbially 
accustomed  to  grow  careless  with  familiarity  and  less  likely  to  be 
watchful  of  changes.  The  size,  also,  of  some  of  the  recent  plants  be- 
ing built  in  this  country,  renders  it  imperative  that  the  number  of 
gates  to  be  attended  to,  and  the  number  of  things  to  be  done  each  day, 
shall  be  lessened  as  much  as  possible. 

It  is  interestiug  to  note  that  the  allowable  loss  of  head  in  Bremen 
is  about  27  ins.,  while,  iu  this  country,  48  ins.  is  deemed  advantageous. 
While  16  ins.  is  the  minimum  depth  of  sand  allowed,  24  to  30  ins.  is 
the  usual  figure  in  this  country.  The  filters  here  commonly  have 
48  ins.  of  sand,  when  filled  to  maximum  depth,  and  also  the  same  depth 
of  water  over  the  surface. 

The  sand  removed  at  each  scra2)ing  is  somewhat  in  excess  of  that 
in  this  country,  being  from  f  in.  to  1|  ins.,  the  lower  figure  being  the 
same  as  at  Lawrence,  Mass.,  the  highest  published  figiu'e  in  this  coun- 
try for  a  municipal  plant,  the  average  at  the  Pittsburg  experimental 
filter  plant  being  about  1  in.  The  speed  of  scraping,  also,  is  rather 
less  than  in  this  country,  and,  from  the  statements,  other  operations 
seem  to  be  in  harmony  with  this.  From  this,  it  may  be  reasoned  that 
the  low  cost  of  all  operations,  viz.,  SI. 52  jser  million  gallons,  is  due, 
more  than  anything  else,  to  the  low  cost  of  labor,  which  is  only  about 
one-third  to  one-half  of  that  in  this  country. 

The  various  costs  and  quantities  are  given  iu  Table  8,  and  com- 
pared with  the  data  relating  to  some  American  filter  i)lants,  most 
of  which  have  been  taken  from   Transactions.* 

The  statements  relative  to  sand  washing  are  quite  instructive, 
esi^ecially  to  American  engineers,  for  the  speaker  does  not  know  of 
the  use  of  the  drum  washer,  at  least  at  filter  plants  in  this  country. 
Statistics  as  to  the  cost  of  washing  per  cubic  yard  would  be  of  interest, 
although  it  may  be  expected  that,  with  the  quantity  given  as  being, 

*  Transactions,  Am.  Soc.  C.  k,.,  Vol.  XLVl,  p.  2.58. 
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Mr.  Knowles.  washed  per  hour  and  the  number  of  men  in  attendance,  this  cost  will 
be  low.  It  seems  as  if  the  services  of  more  than  one  man  would 
be  necessary  to  bring  sand  to  the  washer,  to  attend  to  the  operation  of 
the  machine  and  to  carry  sand  away  to  the  pile  ot  clean  material;  all  of 
which  items  are  in  this  country  charged  to  washing.  The  author  is  in 
error,  however,  in  sujiposing  that  20  to  30  volumes  of  water  are  needed 
with  the  ejector  type  of  washer,  for  in  more  than  one  place  in  this 
country  10  volumes  are  all  that  are  used,  and,  in  some  instances, 
suflSce  for  all  the  operations  of  washing,  from  carrying  the  sand  from 
the  dirty  pile  to  the  washer  and  finally  delivering  to  the  jiile  of  clean 
sand  ready  for  use. 

TABLE  8. — SuMMAKY  of  Data  fob  Several  Slow  Sand  Filters. 


n 

Lawrence  Experi- 

1 

d 

fe£ 

£C 

mental  Filters  of 

>>         ' 

o 

&^ 

a^ 

S2 

Massachusetts 

>> 

^ 

Items. 

®  a 

Si 

g'E 

State  Board  of 
Health. 

> 

£5 

S  >> 

+.* 

3  cS 

so 

1 

o 

.o-S 

|g 

3-B. 

8-.4. 

< 

S 

Oh'' 

Time  included 

1900-1903 

1893-1900 

1893-1899 

1893-1899 

1899-1900  1896-1900 

1897-1899 

Average  rate,  in   mill- 

ions of  gallons  daily. 

1.70 

1.25 

2.35 

2.77 

2.60 

1.70 

2.90 

Average     period     be- 

tween   scrapings,   in 

days 

32 

29 

26 

29 

25 

24 

23 

Average  yield,  in  mill- 

ions of  gallons  daily. 

between  scrapings. . 

55 

36 

62 

80 

66 

41 

68 

Scrapings  per  year. . . 

11 

13.3 

13.8 

12.6 

15 

15 

17 

Average    number     of 

inches     removed   at 

each  scraping 

0.98 

0.75 

0.49 

0.53 

0.71 

0.61 

1.05 

Cubic  yards  per  acre 

removed      at     each 

132 

100 

65 

71    » 

95 

82 

141 

Hours  of  labor  for  each 

scraping  and  wheel- 

336 

228 

176 

Sand  washed,  in  cubic 

yards  per  hour 

Volume    of    water    to 

2  61 

0  58 

0.64 

7  to  8 

10 

12.5 

Hours  of  labor  sanding 

per  cubic  yard 

2.5 

1.5 

1.3 

The  drum  type  of  washer  does  not  lend  itself  readily  to  the  method 
of  transmission  of  sand  by  water  to  and  from  the  washer,  which  is  the 
line  in  which  the  most  advanced  progress  is  being  made  in  this  country 
to-day;  even  now,  sand  can  be  taken  from  the  piles  in  the  filter  without 
the  use  of  wheel-barrows.  The  nearest  approach  to  this,  with  the  drum 
washer,  within  the  speaker's  knowledge,  is  the  use  of  the  Greenway 
washer,  at  the  East  London  Water- Works  (which,  by  the  way,  washes 
5  cu.  yds.  per  hour),  where  the  Engineer,  Wm.  B.  Bryan,  M.  Inst.  C  E., 
has  installed  two  ejectors,  to  be  used  with  the  washer,   one  at   the 
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filter  to  receive  the  sand  as  scraped  and  send  it  to  the  washer,  and  one  Mr.  Knowles. 
at  the  outlet  of  the  washer  to  convey  the  clean  sand  to  another  filter. 
This  arrangement,  however,    means   additional   expense,    simply   for 
throwing  capacity,  which  might  just  as  well  be  used  in  washing  and 
is  thus  utilized  with  the  ejector  type  of  machine. 

AiiLEN  Hazen,  M.  Am.  Soc.  C.  E.  —The  Society  is  to  be  con-  Mr.  Hazen. 
gratulated  upon  receiving  a  pa2ier  from  Mr.  Goetze.  In  the  last  few 
years  a  number  of  American  water  i)urification  j^lants  have  been 
described  before  it,  and  the  speaker  thinks  it  most  profitable  to  con- 
sider the  developments,  in  another  coixutry,  toward  the  same  end, 
namely,  the  complete  purification  of  water,  but  which,  as  the  paper 
shows,  have  taken  somewhat  diU'ereut  lines  from  those  followed  in 
recent  American  plants. 

The  speaker  has  had  the  pleasure  of  visiting  the  Bremen  filters 
and  of  meeting  INIr.  Goetze,  and  seeing  his  most  ingenious  and  satis- 
factory methods  of  water  purification,  and,  therefore,  can  appreciate 
the  paper  more  fully. 

The  Weser  rises  in  the  Hartz  Mountains  and  flows  northward 
throiigh  the  flatter  country  before  reaching  Bremen.  The  character 
of  the  water  is  much  like  that  of  the  Hudson  at  Albany. 

The  size  of  the  water-shed  of  the  Weser  and  the  urban  population 
upon  it,  in  comparison  with  some  American  streams,  are  given  in 
Table  9. 

TABLE  9. 


City. 

River. 

Drainage  area 

above  intake,  in 

square  miles. 

Urban  population 
per  square  mile  in 
190U  (towns  with 
more  than  4  000 
inhabitants). 

Philadelphia 

Schuylkill 

1  913 
15  100 
4  631 
8  240 
8  186 
11  400 
11  476 

98 

Bremen 

About  70 

Lawrence 

Albany 

Philadelphia 

Pittsburg 

Washington 

Merrimac 

69 

Hudson 

46 
30 

Allegheny 

16 

Potomac 

7 

The  data  as  to  the  drainage  area  and  urban  poi^ulation  upon  the 
Weser  are  less  accurate  than  for  the  American  streams.  It  would  l)e 
appreciated  if  the  author  could  furnish  more  exact  data  upon  these 
points. 

The  Weser  is  like  the  Hudson,  in  that  it  carries  a  little  peaty 
matter.  Its  turbidity  seems  to  be  about  the  same.  It  is  certainly 
more  turl)id  than  the  Merrimac  at  Lawrence,  probably  less  turbid 
than  the  Allegheny  at  Pittsburg,  and  very  much  less  turbid  than  the 
Schuylkill  and   the  Potomac.     The  drainage  area   is  a   little  larger 
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Mr.  Hazen.  tliau  tliat  of  any  of  the  American  streams  mentioned.  The  urban 
population  per  square  mile  gives  it  a  place  above  the  average,  but 
not  at  the  top  of  the  list.  The  closeness  with  which  the  raw  water 
api^roaches  the  waters  of  these  American  streams  gives  an  added 
interest  to  the  methods  of  purification  used. 

It  is  particularly  interesting  to  note  that  the  Bremen  filters  are 
open.  Mr.  Goetze  takes  this  as  a  matter  of  course,  and  does  not 
mention  cold  weather  as  one  of  the  causes  of  reduced  efficiency  at 
Bremen,  although  he  speaks  of  the  necessity  of  covering  in  more 
severe  climates,  about  which  there  can  be  no  question.  It  is  interest- 
ing to  note  that  the  winter  temj^erature  at  Bremen  is  substantially 
the  same  as  that  of  Philadelphia  and  Pittsburg.  Evidently,  Mr. 
Goetze,  who,  of  course,  is  familiar  with  the  operation  of  covered 
filters,  for  there  are  many  such  in  Germany,  does  not  regard  this 
winter  temperature  as  one  requiring  covers  for  filters. 

The  speaker  believes  experience  shows  that,  for  this  and  warmer 
climates,  covers  are  to  be  regarded  as  a  luxury  rather  than  as  a 
necessity;  that  is  to  say,  with  good  management,  open  filters  can  be 
operated  with  as  good  results  as  covered  filters,  and  without  any 
great  increase  in  the  cost  of  operation.  In  fact,  in  some  respects, 
labor-saving  machinei-y  for  sand  handling  is  more  readily  used  with 
open  than  with  covered  filters. 

Probably  the  most  important  advantages  of  covers,  in  climates  of 
the  severity  of  those  mentioned,  is  the  possibility  of  employing  the 
men  every  working  day  in  the  year,  with  the  economies  which  come 
from  their  constant  and  regular  employment. 

The  most  striking  feature  of  the  pajaer  is  the  method  of  partial 
double  filtration.  The  author  notes  that  when  filters  are  scraped,  that 
is  to  say,  when  the  toj:)  layer  of  dirty  sand  is  removed,  as  it  must  be 
occasionally,  to  maintain  the  service,  the  efficiency  of  the  filter  after- 
ward is  much  decreased,  and  after  the  sand  has  been  reduced  in  thick- 
ness, and  washed  sand  is  replaced  to  restore  it  to  its  original  depth, 
the  efliuent  thereafter  for  some  time  is  of  worse  quality  than  that  ob- 
tained otherwise.  This  decrease  in  efficiency  has  been  noted  every- 
where where  sand  filters  have  been  studied  closely. 

To  see  how  much  influence  these  factors  have  had  on  the  results  at 
Albany,  all  the  data  bearing  upon  these  points,  which  include  the 
daily  bacterial  counts  before  and  after  scraping  and  refilling  since  the 
plant  was  put  in  operation,  have  been  compiled  and  averaged.  The 
figures  were  taken  from  the  very  comjDlete  records  kept  by  Mr. 
Leonard  M.  Wachter,  Chemist  and  Biologist  of  the  jilant,  and  for 
them  the  speaker  is  indebted  to  him. 

The  averages  of  these  figures  are  given  in  Table  10. 

From  the  summary  given  in  Table  10  it  appears  that  the  decrease 
in  efficiency  following  scraping  during  the  eight  warmer  months  of  the 
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year  is  very  slight.     Often,  no  decrease  whatever   is  observed.     This  Mr.  Hazen. 
has  been  particnhirly  true  in  the  latter  pai-t  of  the  period.     On  the 
general  average  for  the  whole  period,  the  increase  in  the  number  of 
bactei'ia  after  sera^nng,   although  noticeable,   is  not  large  enough  to 
be  sei-ious. 

TABLE  10. — AvEKAGE  Number  of  Bacteria  in  Effluent  from  Albany 
Filters  before  and  after  Scraping,  and  before  and  after 
Eeplacing  S^vnd,  from  September,  1899,  to  September,  1903, 
Inclusive. 


Third  day  before 

Second  day  before 

Last  day  before 

First  day  after 

Second  day  after 

Third  day  after 

Fourth  day  after 

Fifth  day  after , 

Raw  water 

Mixed  effluent 

Average  efiiciency  of  whole  plant 
for  the  same  periods 


256  scrapingrg  dur- 

inp-  the  S  warmer 

montlis  ( April  to 

November). 


44 
48 
62 
91 
74 
82 
91 
82 
14  500 
60 


99.58^ 


115  scrapings  dur- 
ing the  4  colder 

months  (Decem- 
ber to  March). 


194 
213 

272 

386 

741 

1  100 

1  468 

1  312 

74  800 

596 


99.20^ 


Fourteen  re- 
fillings. 


52 

68 
498 
570 
444 
461 
.586 
25  200 
131 


99.48?^ 


In  the  four  colder  months,  the  conditions  are  quite  different. 
After  scraping,  the  number  of  bacteria  reaches,  on  an  average,  a  max- 
imum of  about  seven  times  the  number  present  before  scraping,  and 
this  high  number  persists  for  a  number  of  days,  and  the  additional 
niimber  of  bacteria  is  so  considerable  that,  ajiparently,  the  number  of 
bacteria  in  the  mixed  output  for  the  four  months  is  two  or  three 
times  as  great  as  it  would  be  if  the  efficiency  could  be  kept  up  to  that 
obtained  just  before  scraping.  As  it  is,  the  filters,  during  the  winter 
months,  with  very  high  numbers  in  the  raw  water,  have  given  an  effi- 
ciency of  about  99.2  per  cent,  If  the  decreased  efficiencies  following 
scrapings  could  have  been  eliminated  entirely,  the  average  winter 
efficiency  would  have  been  99.6  or  99.7/^,  or  equal  to  the  actual  aver- 
age summer  efficiency. 

The  decrease  in  efficiency  following  the  refillings  with  sand  is  quite 
as  marked,  but,  owing  to  the  much  smaller  number  of  such  jieriods, 
the  effect  upon  the  average  output  is  comiiaratively  small.  Some  re- 
fillings  are  accomplished  with  no  more  disturbance  than  summer 
scrapings;  at  other  times,  much  higher  numbers  are  found  in  the  efflu- 
ients  following  the  operation.  The  results  are  so  erratic  as  to  suggest 
strongly  that  many  of  the  bacteria  found  in  the  effluents  after  refill- 
ings are  due  to  growths  in  the  underdrains  and  sand  during  the  period 
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Mr.  Hazen  of  a  week  or  more  that  the  filter  is  out  of  service.  As  far  as  this  is  the 
case,  the  high  numbers  are  rather  misleading,  for  bacteria  which 
occur  in  this  way  are  entirely  harmless. 

The  method  proposed  by  Mr.  Goetze  is  to  filter  a  second  time  the 
efiluents  containing  more  than  the  normal  niimber  of  bacteria.  This 
is  an  entirely  logical  proceeding,  and  probably  the  best  way  of  accom- 
plishing the  result.  Double  filtration  has  been  used  in  a  number  of 
cases.  The  works  at  Schiedam,  in  Holland;  those  of  the  Grand  Junc- 
tion Water  Company,  at  London,  and,  more  recently,  those  at  Zurich, 
are  among  the  best  known.  Two  sets  of  filters  have  been  used  in 
these  cases,  the  first-filters  and  the  after-filters  being  at  diflfei'ent 
levels  and  of  somewhat  different  construction. 

At  Altona,  double  filtration  was  introduced  in  a  somewhat  different 
form.  The  rules  of  the  German  Government  required  effluents  to 
reach  a  certain  standard  of  purity,  and  required  that  when  efiluents 
were  not  of  this  quality  they  should  be  wasted.  The  filters  at  Altona 
were  on  a  hill,  from  which  the  city  was  supplied  by  gravity.  The 
preliminary  pumping  was  thus  more  expensive  than  usual;  and  to 
waste  the  effluent  represented  a  greater  increase  in  the  operating  ex- 
penses. Centrifugal  pumps  were  installed  to  pump  that  part  of  the 
effluent  not  of  satisfactory  quality  back  into  the  filters,  to  be  filtered 
over  again.  This  arrangement  was  an  imjarovement;  but  Mr.  Goetze's 
siphons,  with  the  filters  all  at  one  level,  made  the  use  of  centrifugal 
pumps  unnecessary,  and,  in  this  respect,  was  a  distinct  advance  over 
the  Altona  arrangement.  His  process  is  patented  in  Germany,  but 
the  speaker  believes  it  is  not  patented  in  the  United  States. 

When  the  speaker  examined  Mr.  Goetze's  apparatus  at  Bremen, 
and  the  records  of  operation  obtained  with  it,  in  1896,  he  was  im- 
pressed with  the  idea  that  a  most  substantial  stej}  forward  in  the  art 
of  water  purification  had  been  made;  and  if  he  could  have  been  sure 
of  securing  the  same  faithfulness  in  operating  the  plants  with  which 
he  has  been  connected  as  can  be  generally  depended  upon  in  Germany,, 
he  would,  undoubtedly,  have  made  use  of  this  device  in  several  cases. 
His  reason  for  not  using  it  was  this:  The  siphons  work  equally  well 
forward  or  backward,  and,  with  careless  or  vicious  attendants,  they 
may  be  operated  thus;  that  is  to  say,  raw  water  can  be  run  into  the 
filtered-water  pipes  through  them,  and,  in  fact,  this  will  happen  if 
the  siphons  are  started  with  the  water  levels  in  their  normal  condi- 
tion. It  is  only  by  lowering  the  water  on  one  of  the  filters,  and  mak- 
ing the  conditions  to  that  extent  abnormal,  that  they  can  be  operated 
as  intended. 

It  has  been  the  speaker's  custom  to  design  filter  plants  practically 
or  entirely  without  by-passes.  At  Albany,  for  instance,  there  is  nO' 
possible  pipe  connection  for  sending  raw  water  to  the  pure-water- 
pipes.     The  only  way  that  this  could  be  done  would  be  to  dig  up 
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the  sand    layer   somewhere,  an    operation  of   some   difficulty,  Avliich  Mr.  Hazen, 
would  reqiiire  some  time,   and  which  would  be  apparent  to  anyone 
who  hapi)ened  to  be  present  and  who  understood  the  construction  of 
filters. 

With  the  siphons  placed  as  under  the  author's  patent,  it  would 
be  possible  at  any  time  for  an  attendant  to  send  raw  water  into  the 
filtered-water  pipes,  and  this  could  be  done  during  the  hours  of 
the  night  and  absolutely  no  trace  of  it  would  be  left  in  the  morn- 
ing. The  attendant  might  do  this  because  he  was  too  lazy  to  make 
the  changes  in  the  gates  necessary  to  maintain  the  supply  of  filtered 
water. 

In  the  past  the  speaker  has  been  unwilling  to  take  the  chances  of 
an  unauthorized  use  of  a  by-pass,  but  systems  of  filtration  are  now 
coming  into  use  which,  in  much  higher  degree,  dejjend  upon  the  faith- 
fulness of  the  attendants,  and  the  use  of  the  siphons  is  certainly  as 
safe  a  procedure  as  the  application  of  a  coagulant,  where  the  efficiency 
of  filtration  depends  upon  it. 

If  the  use  of  siphons  in  the  Goetze  system  would  increase  the 
winter  efficiency  of  a  filter  plant  from  99.2  to  99.6%,  as  the  results 
obtained  at  Bremen,  in  connection  with  a  study  of  the  Albany  figures, 
indicate,  it  may  be  considered  seriously  whether  the  advantage  is  not 
enough  to  counterbalance  the  jjossibility  of  the  objectionable  use  of 
siphons;  but  it  should  be  remembered  that  if  the  filter  were  by-passed, 
even  for  one  night,  the  number  of  bacteria  sent  to  the  city  would  be 
much  larger  than  the  number  eliminated  by  the  second  filtration  during 
the  whole  course  of  a  winter. 

Practically,  the  speaker  is  inclined  to  think  that  the  procedure  of 
starting  filters  at  a  lower  rate  than  the  nominal,  if  carried  out  with 
the  same  increase  in  filtering  area  that  would  be  necessary  for  double 
filtration,  would  prove  a  very  effective  treatment,  and  would  perhaps 
increase  the  quality  of  the  output  to  a  corresponding  extent.  The 
first  effluent  has  never  been  Avasted  at  Albany,  and,  as  far  as  the 
speaker's  observation  and  incjuiry  go,  wasting  the  first  effluent  has 
been  a  theoretical,  rather  than  a  practical,  matter.  It  has  been  advo- 
cated by  certain  persons,  but,  practically,  it  has  never  been  followed 
systematically  in  any  water-works,  as  far  as  the  speaker  knows,  be- 
cause it  is  both  better  and  cheaper  to  start  the  filters  at  reduced  rates, 
and  to  make  the  rates  as  low  as  the  conditions  permit,  and  as  are  shown 
to  be  advantageous. 

The  discussion  serves  to  emphasize  the  fact  that  filtration  produces 
a  relatively,  but  not  an  absolutely  jjure  water.  The  standard  of  purity  of 
public  water  supplies  has  increased  in  the  past,  and  there  is  every  rea- 
son to  believe  that  it  will  increase  further  in  the  future;  and  that  the 
methods  which  appear  satisfactory  to  us  to-day  will  seem  as  inadequate 
a  generation  hence  as  some  of  the  older  methods  seem  to  us  to-day. 
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Mr.  Hazen.  The  art  of  water  i^urification  is  bound  to  advance  to  meet  these  require- 
ments, and  methods  of  purification  more  efficient  than  those  in  use 
to-day  will  be  required,  and  will  be  develojjed  gradually. 
Mr.  Gregory.  John  H.  GREGORY,  Assoc.  M.  Am.  Soc.  C.  E.— The  speaker  has 
been  very  mrich  interested  in  this  paper,  and  also  in  the  discussion 
which  it  has  brought  forth,  particularly  that  relating  to  the  washing 
and  transporting  of  sand.  Mr.  Underwood's  discussion  on  the  trans- 
IDorting  of  sand  at  the  filters  in  Philadelphia  and  the  results  obtained 
has  been  of  especial  interest,  inasmuch  as  the  method  in  use  there  is 
the  one  which  was  recommended  by  the  speaker. 

The  aiithor,  evidently,  does  not  favor  the  ejector  type  of  sand- 
washer,  but,  in  this  country,  this  type  is  in  almost  general  use,  and, 
in  the  speaker's  opinion,  is  here  to  stay.  It  may  be  of  interest  to  give 
briefly  a  little  of  the  history  of  the  ejector  washers  in  this  country, 
and  also  of  the  development  of  the  method  of  transporting  sand  by 
water. 

The  first  washer  of  which  the  speaker  has  any  record  was  built  at 
the  filter  at  Lawrence,  Mass.,  early  in  1895,  and  was  first  put  in  use 
on  June  17th.  This  washer  consists  of  four  hoppers  fitted  with 
horizontal  nozzles.  In  1897  and  early  in  1898  Morris  Knowles,  M. 
Am.  Soc.  C.  E.,  who  was  then  a  member  of  the  Lawrence  Water  Board, 
began  experimenting  with  different  arrangements  for  transporting 
sand,  and,  as  a  result  of  these  exj^eriments,  a  portable  hopper  or 
ejector  was  built  and  put  in  regular  use  in  July,  1898.  This  ejector, 
however,  was  not,  and  has  not  been,  used  for  transporting  sand  from 
the  filter,  but  for  transporting  sand  to  the  washer  after  it  had  been 
wheeled  up  to  the  bank  beside  the  filter. 

At  the  filters  at  Poughkeepsie,  N.  Y.,  in  1895,  and  also  again  in 

1896,  a  single-jet  washer  was  used,*  according  to  Mr.  Charles  E. 
Fowler,  the  Superintendent.  In  November,  1897,  a  double-jet  washer 
was  used.  No  drawings  of  either  of  these  washers  are  given,  but, 
from  the  description,  presumably,  they  are  of  the  ejector  type  fitted 
with  horizontal  nozzles.  From  the  jet  in  the  bottom  of  the  second 
hopper  of  the  double  washer,  the  water  and  sand  were  transported 
about  130  ft.  to  a  tank  over  one  corner  of  the  filter.  The  dirty  water 
flowed  off  from  the  top  of  the  tank  and  the  sand  was  discharged  on 
the  filter  through  a  valve  in  the  bottom.     In  August  and  September, 

1897,  it  became  necessary  to  provide  some  new  sand  for  the  old  filter 
at  Poughkeepsie.  This  sand  was  delivered  in  scows  alongside  the 
dock  near  the  filters.  Mr.  Fowler  designed  a  movable  ejector  which 
could  be  lowered  iuto  the  scows  and  into  which  the  sand  could  be 
fed.  The  sand  was  lifted  30  ft.  by  this  ejector  and  transported  630  ft., 
through  a  4-in.  cast-iron  pipe,  to  a  tank,  the  dirty  water  overflowing 

*  In  a  paper  on  the  Poughkeepsie  filters,  before  the  New  England  Waterworks 
Association,  in  1898. 
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'irom  the  top  of  the  tank  aud  the  sand  being  discharged  through  a  Mr.  Gregory, 
valve  in  the  bottom,  and  then  sjiread  over  the  surface  of  the  filter. 

In  1902  it  became  necessary  to  purchase  additional  filter  sand,  and, 
for  transi)orting  the  sand  from  the  dock  to  the  filters,  a  method 
similar  to  that  used  in  1897  was  adopted.  In  this  case,  however,  the 
sand  was  first  hoisted  20  ft.  by  the  buckets  ordinarily  used  for 
hoisting  coal,  and  then  fed  into  an  ejector.  From  this  ejector  the 
sand  was  transported  GUO  ft.,  through  a  6-in.  cast-iron  pii^e,  to  the 
filters. 

In  1897,  Avhen  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  designed  the 
Albany  filters,  he  included  two  washers  of  the  ejector  type.  These 
washers  each  have  five  hoppers  fitted  with  vertical  nozzles.  The 
•  details  of  these  washers  were  worked  out,  by  William  B.  Fuller.  M. 
Am.  Soc.  C.  E.,  and  the  sj)eaker,  from  rough  sketches  made  by  Mr. 
Hazen. 

It  was  while  the  speaker  was  connected  with  the  Albany  filters, 
and  also  after  reading  the  Poughkeepsie  report  for  1897,  that  he  first 
became  interested  in  the  washing  and  transporting  of  sand.  The 
subject  of  transporting  was  very  fully  discussed  by  Mr.  Fuller  and  the 
sjieaker  at  various  times  from  1897  to  1899.  and  numerous  methods 
were  worked  out  in  enough  detail  to  know  that  they  were  perfectly 
feasible.  From  their  studies  they  concluded  that  the  ejector  method 
was  the  most  promising,  the  only  diflerence  of  oi^inion  between  them 
being  in  the  design  of  certain  details. 

In  the  fall  of  1899  the  Albany  filters  were  started  in  operation 
before  the  construction  work  was  entirely  finished,  and  for  a  period 
of  several  months  the  speaker  had  the  opportunity  of  studying  in 
detail  the  trausijortiug  and  washing  of  sand  as  carried  on  there.  As 
is  well  known,  the  sand  is  wheeled  out  from  the  filters  to  the  court 
and  then  put  through  the  washer.  After  watching  these  operations 
he  became  convinced  that  by  adopting  the  ejector  method  a  great 
improvement  could  be  made  in  the  transporting  of  the  sand,  together 
with  a  naaterial  reduction  in  the  cost  of  operation. 

Before  leaving  the  Albany  work,  the  speaker  made  the  suggestion 
that  while  it  might  not  be  possible  at  that  late  date  to  make  the  addi- 
tions and  changes  necessary  for  installing  the  pilling,  so  that  ejectors 
could  be  used  in  the  filters,  it  would  be  possible  in  the  court  to 
tx'ansport  the  sand  to  the  washer  and  take  it  away  to  a  storage  jiile  by 
means  of  water. 

Early  in  li»00,  George  I.  Bailey,  M.  Am.  Soc.  C.  E.,  who  was 
.Superintendent  of  the  Albany  Water-Works  at  that  time,  designed  and 
had  built  a  small  j)ortable  ejector  which  was  used  for  transj^orting 
the  sand  to  the  first  hopper  of  the  washer.  The  operation  of  this 
ejector  was  very  satisfactory,  not  only  in  decreasing  the  cost  of 
washing,  but  also  in  increasing  the  capacity  of  the  washers.     The 
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Mr.  Gregory,  washed  sand,  however,  was  not  taken  away  by  water,  but  was  wheeled 
away,  as  had  been  the  common  practice. 

Shortly  after  the  speaker  became  connected  with  the  filtration  of 
the  water  supply  at  Philadelphia,  in  the  spring  of  1900,  he  was  asked 
by  George  S.  Webster,  M.  Am.  Soc.  C.  E.,  who  was  the  Chief  Engineer 
at  that  time,  what  he  considered  the  best  means  of  handling  the  sand 
to  and  from  the  filters,  and  he  replied  that  he  would  use  the  ejectors 
or  handling  it  from  the  filters  and  that  he  felt  that  it  might  be  possi- 
ble to  handle  it  in  a  similar  manner  back  into  the  filters.  At  that 
time,  he  felt  that  it  might  be  better  to  provide  stationary  ejectors  in 
the  filters  ready  for  use  at  once,  but  on  further  study  he  came  to  the 
conclusion  that  portable  ejectors  would  be  more  practicable. 

The  problem  of  designing  a  system  for  transporting  sand  from  the 
Philadelphia  filters  was  such  a  large  one  that  the  speaker  felt  that 
there  ought  to  be  some  experimental  data  on  the  subject,  and  in 
August  of  that  year  he  suggested  that  an  experimental  machine  be 
built  for  obtaining  such  data.  After  some  delay,  a  machine  was 
built  and  a  series  of  experiments  made,  from  July  to  November,  1901, 
under  his  direction.  This  machine  consisted  of  two  hoppers  fitted 
with  horizontal  nozzles  and  a  long  discharge  pipe.  It  is  to  be  regret- 
ted that  the  results  of  these  experiments  have  never  been  made 
public.  While  they  were  not  complete,  by  any  means,  they  threw 
considerable  light  on  the  subject,  and  demonstrated  amply  that  sand 
could  be  transported  about  400  ft.  with  a  lift  of  about  13  ft.,  and 
with  an  economical  use  of  water. 

The  sand-washers  at  Lower  Roxborough,  which  Mr.  Underwood 
has  described,  were  designed  before,  and  those  at  UiaiJer  Roxborough 
after,  the  experiments  just  mentioned  were  made. 

At  the  time  the  speaker  suggested  making  the  experiments,  he  felt 
that  it  would  be  possible  to  go  a  step  further  than  just  transporting; 
the  sand  to  the  washer;  that  is,  that  the  sand  could  be  taken  from; 
the  machine,  the  last  hopper  acting  as  an  ejector,  and  transported  by 
means  of  water  back  into  another  filter  which  was  being  refilled  with 
washed  sand. 

It  would  not  be  practicable,  however,  simply  to  dump  the  sand  on 
the  filter,  allowing  it  to  spread  itself,  and  letting  the  water  run  away 
to  a  drain,  as  there  would  probably  be  considerable  trouble  in  the 
subsequent  operation  of  the  filter. 

When  sand  is  discharged  by  means  of  water,  and  allowed  to  spread 
out,  the  finer  particles  separate  from  the  larger  ones  and  the  sand  is 
found  to  be  stratified.  Furthermore,  the  water  will  be  more  or  less 
turbid,  and,  as  some  ponding  would  take  place,  a  certain  amount  of 
sediment  would  be  deposited.  Should  sand  be  replaced  in  a  filter  in 
this  manner,  subsurface  clogging  would  be  sure  to  take  place  when 
the  filter  was  put  in  operation.     To  obviate  this  difficulty  the  speaker 
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fcelieves  that  he  is  the  first  to  suggest  that  the  sand  should  be  discharged  Mr.  Gregory, 
into  a  tank,  somewhat  similar  to  the  one  used  by  Mr.  Fowler  at 
Poughkeepsie,  but  which  could  be  moved  from  point  to  point  in  the 
filter.  The  water  would  be  allowed  to  overflow  at  one  end  and  would 
be  carried  away  by  a  pipe  to  the  drain  provided  for  the  purpose.  The 
sand  would  be  discharged  through  a  valve  in  the  bottom  of  the  tank 
directly  into  wheel-barrows  and  then  wheeled  away  and  spread. 

It  was  found,  in  the  experiments  at  Philadeljjhia,  that  wet  sand 
oould  be  loaded  successfully  into  a  perforated  wheel-barrow  through 
an  opening  in  the  bottom  of  a  tank  tilled  with  sand  and  water,  i^rovided 
the  effective  size  of  the  sand  was  not  very  small.  At  present,  in  Phila- 
delphia, saud  is  not  being  transported  back  into  the  filters  by  means 
of  water,  but  the  speaker  understands  that  the  method  is  soon  to  be 
tried. 

At  the  experimental  testing  station  in  Philadelphia,  in  the  summer 
of  1901,  a  sand-washer  was  built  for  use  in  connection  with  the  experi- 
ments which  were  being  made  on  the  filtration  of  water.  This  washer 
is  an  exact  duplicate  of  those  at  Albany,  having  been  made  from  the 
same  patterns. 

At  the  filters  in  Mt.  Vernon,  N.  Y.,  in  1897,  a  washer  was  designed 
iind  built  by  Mr.  A.  H.  Kneen,  the  engineer  in  charge  there.  This 
washer  consisted  of  four  hoppers  fitted  with  horizontal  nozzles.  In 
1900  a  second  washer  was  built  similar  in  general  design  to  the  first 
one. 

At  Cincinnati,  Ohio,  while  the  exjieriments  were  being  conducted 
on  the  filtration  of  water,  a  washer  was  built,  early  in  1898,  under  the 
direction  of  George  W.  Fuller,  Assoc.  M.  Am.  Soc.  C.  E.  This  washer 
had  four  hoppers,  and  was  fitted  with  horizontal  nozzles. 

At  Milf ord,  Mass. ,  a  small  filter  plant  was  designed  and  built  in  1902 
by  Leonard  Metcalf,  Assoc.  M.  Am.  Soc.  C.  E.  At  Mr.  Metcalf's  re- 
quest, a  sand-washer  and  a  portable  ejector,  for  use  at  that  jilaut,  were 
designed  by  the  speaker.  This  washer  consisted  of  only  two  hojipers 
and  was  fitted  with  horizontal  nozzles.  The  speaker  regrets  that,  at 
the  present  time,  he  is  unable  to  give  any  figures  relating  to  the 
transporting  and  washing  of  sand  at  this  jjlant. 

The  speaker  believes  that,  Avhen  an  ejector  is  used  in  connection 
-with  a  washer,  two  hoppers  in  the  washer  are  ample  for  washing  the 
sand.  In  fact,  he  thinks  that  satisfactory  results  may  be  obtained 
with  one  hojsper.  When  sand  is  transported  a  considerable  distance 
through  a  pipe,  it  gets  a  good  washing,  and  if,  when  discharged  into 
the  hojjper,  the  dirty  water  can  be  carried  away  quickly,  the  sand  will 
be  found  to  be  nearly  clean.  The  additional  washing  which  the  saud 
receives  in  jjassing  through  the  hopper  should  be  sufficient  to  make 
it  clean  enough  for  all  practical  purposes. 

In  the  designs  for  the  proposed  filters  at  Pittsburg,  Pa.,  made  in  the 
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Mr.  Gregory,  winter  of  1901  and  1902  by  Mr.  Hazen  and  Mr.  Knowles,  provision  was 
made  for  trausporting  sand  from  the  filters  to  the  washers  by  means 
of  ejectors.  These  washers  were  to  have  consisted  of  two  hoi^jjers 
fitted  with  horizontal  nozzles. 

At  New  Haven,  Conn.,  filters  are  now  being  bnilt  by  A.  B.  Hill, 
M.  Am.  Soc.  C.  E.,  for  the  New  Haven  Water  Company.  The  general 
designs  for  this  work  were  furnished  by  Mr.  George  W.  Fuller,  and  it 
was  at  the  suggestion  of  Mr.  William  B.  Fuller  and  the  speaker  that  he 
recommended  the  transporting  of  sand  from  and  to  the  filters  by 
means  of  water;  and  to  them  was  entrusted  the  design  of  the  ap)- 
paratus  for  transporting  and  washing  the  sand. 

In  the  design  of  this  plant,  in  which  the  filters  are  covered,  a  radi- 
cal departure  from  previous  practice  has  been  made.  There  will  be 
no  so-called  court,  but  instead,  a  long  covered  pipe  gallery  with  the 
filters  ranged  on  either  side.  In  this  gallery  will  be  placed  the 
api^aratus  for  washing  sand.  No  sand  will  be  stored,  as  it  is  proposed 
to  transport  it  directly  from  the  washer  back  into  some  filter  which  will 
be  always  kept  in  reserve  for  receiving  washed  sand.  Only  one 
washer  will  be  provided,  consisting  of  two  hopjaers  fitted  with  hoi-i- 
zontal  nozzles,  and  mounted  on  trucks  so  that  it  will  be  movable.  In 
operation,  this  washer  will  be  placed  half  way  between  the  filter  from 
which  the  sand  is  being  transported  by  means  of  ejectors  and  the 
filter  which  is  being  refilled. 

In  this  filter  will  be  placed  a  movable  receiving  tank  which  can  be 
supported  from  the  roof  of  the  filter  at  various  points.  The  dirty 
water  will  overflow  into  a  chamber  in  one  end  of  the  tank  and  will  be 
carried  away  through  a  light,  spiral,  riveted-steel  pipe.  It  is  ex- 
pected that  at  this  plant  a  considerable  reduction  in  cost  of  main- 
tenance will  be  obtained. 

It  should  be  stated  that  the  method  of  operation  just  outlined  is 
mainly  applicable  to  covered  filters,  but  it  is  equally  applicable  to 
open  filters  in  a  climate  where  the  sand  will  not  freeze  in  winter. 
Mr.  Copeland.  WiiiLiAM  R.  CoPELAND,  Assoc.  Am.  Soc.  C.  E.  (by  letter). — In  his  in- 
teresting paper  on  the  water  filters  of  Bremen,  Mr.  Goetze  has  pointed 
out,  that,  if  sand  filters  are  used  to  purify  clay-bearing  waters,  the 
effluents  will  not  be  clear  unless  the  raw  water  applied  has  been  clari- 
fied partially  by  passing  it  thi-ough  preliminary  filters. 

The  C'ity  of  Philadelphia  is  carrying  on  a  series  of  experiments 
with  preliminary  filtration,  and  it  may  be  interesting  to  note  the 
effect  which  such  a  method  of  treatment  produced  on  the  volumes  of 
water  that  the  secondary  or  slow  sand  filters  purified  in  a  few  in- 
stances between  scrapings. 

As  the  water  of  the  Schuylkill  River  often  carried  large  quantities 
of  clay,  etc.,  the  raw  river  water  was  passed  through  beds  of  filtering 
material  at  rates  which  varied  from  60  000  000  to  110  000  000  galls,  per 
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acre  per  day  during  these  experiments.     Even  at  these  high  rates,  the  Mr.  Copeland. 
preliminary  filters  took  from  50  to  70%  of  the  foreign  matter  out  of 
the  water.     The  solids  in  suspension  were  not  always  reduced  to  50 
parts  per  milliou,  however,  which  is  about  the  limit  that  slow  sand 
filters  can  handle  in  a  satisfactory^  manner. 

The  data  in  Table  11  have  been  selected,  therefore,  because 
they  give  a  good  idea  of  the  effect  which  different  quantities  of  sus- 
pended matter  in  the  applied  water  had  on  the  amounts  of  water  fil- 
tered between  scrapings. 

TABLE  11. 


Slow  sand 
filter  No. 

Turbidity   of 

the  applied 

water,  in  parts 

per  million. 

Millions  of 

gallons  filtered 

between 

scrapings. 

Nominal  rate 
of  filtration, 
in  millions  of 
gallons  per 
acre  per  day. 

Maximum 

loss  of  head, 

in  feet. 

Effective  size 
of  sand,  in 
millimeters. 

7 

56 
5 

627 
28 
56 
12 

236 

849 

20 

400 

963 

6 
6 

6 
6 
10 
10 

3.6 
3.0 
5.7 
5.0 
6.1 
6.3 

0.41 

7 

0.41 

B 

0.42 

B 

0.42 

B 

0.42 

B 

0.42 

The  water  applied  to  these  filters  was  "  pre-filtered  "  Schuylkill 
River  water.  Filter  No.  7  and  Filter  B  were  composed  of  beds  of  sand 
supported  by  layers  of  gravel,  and  the  falters  were  run  in  a  careful  and 
scientific  manner.  The  figures  in  Table  11  show  that,  when  the  ap- 
plied water  contained  more  than  55  parts  of  susi^ended  matter  per 
million,  the  filters  were  only  able  to  purify  about  200  000  000  galls. 
per  acre  between  scrapings;  biit  when  the  susj^ended  matter  in  the 
api^lied  water  was  reduced  to  12  parts  or  less  per  million,  the  filters 
purified  more  than  SOO  000  000  galls,  per  acre  between  scrajjings. 

As  the  preliminary  filters  remove  the  coarser  particles  of  suspended 
matter  from  the  water,  it  follows  that  the  particles  of  foreign  matter 
in  the  effluent  are  very  small.  Such  very  small  objects  find  their  way 
easily  between  the  grains  of  sand,  and  do  not  clog  the  filter  to  any 
considerable  degree.  For  that  reason  the  loss  of  head  increases  at  a 
slowr  and  irregular  rate,  advancing  on  one  day  and  falling  back  the 
next.  In  order  to  show  how  differently  a  filter  will  act,  in  this  respect, 
the  losses  of  head,  for  Filter  No.  7,  at  12  o'clock  noon,  of  each  day 
of  the  periods  referred  to  in  Table  No.  11,  are  plotted  in  Fig.  1. 

By  an  examination  of  Fig.  1  it  will  be  seen,  in  the  first  place,  that 
the  loss  of  head  increased  more  slowly,  and.  in  the  second  place,  that 
it  increased  much  more  irregularly,  when  the  applied  Avater  contained 
5  than  when  the  applied  water  contained  5(5  parts  of  suspended  matter 
per  million  gallons  of  water. 
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Mr.  Copeland.  Moreover,  the  filter  would  probably  have  run  for  several  days 
longer  in  the  first  case  if  pre-flltered  water  had  been  ai>i)lied  after  the 
14:2d  day.  On  the  morning  of  the  143d  day,  however,  raw  river  water 
was  turned  on  the  filter,  and  within  two  hours  No.  7  went  out  of 
service. 

The  lessons  taught  by  these  figures  and  the  diagram  are: 

First,  that  when  a  river  water  has  been  well  clarified  by  passing  it 
through  efficient  preliminary  filters,  slow  sand  filters  will  comj^lete 
the  jjuriflcation  at  rates  of  6  000  000  galls,  per  acre  per  day,  or  double 
the  usual  rate. 

Second,  that  slow  sand  filters  will  treat  very  large  volumes  of  a 
well-clarified  water  before  the  maximum  loss  of  head  develops. 

Third,  that  the  process  of  preliminary  treatment  must  be  very 
thorough  in  order  to  secure  the  most  economical  results. 


40  50  W         70    ^80  90"        100 

Days  in  Operation 

RESULTS  FROM  FILTER  NO.  7. 

Fig.  1. 


Mr.  Le  Conte.  L.  J.  Le  Oonte,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  is  greatly 
interested  in  this  most  instructive  paper.  The  happy  results  obtained 
are  increased  in  value  by  reason  of  the  fact  that  they  are  the  results  of 
well-tried  experience,  and  are  therefore  entirely  free  from  mere  specu- 
lation. It  seems  to  the  writer  that  the  author  has  certainly  taken  an 
important  forward  step  in  the  art  of  sand  filtration,  and  has  opened 
up  an  entirely  new  field  for  future  development,  which  can  hardly  be 
overestimated,  either  in  its  extent  or  in  the  importance  of  the  results. 
Every  true  student  of  sand  filtration  will  hail  with  delight  any  reliable 
effort  made  in  the  art  which  will  tend  toward  the  avoidance  of  the  use 
of  chemicals  for  j^recipitation.  The  results  at  Bremen  with  water  from 
the  Weser — which  seems  to  be  quite  muddy  during  storms — show  con- 
clusively that  in  that  case  the  use  of  chemicals  was  entirely  unneces- 
sary. It  remains  to  be  seen  to  what  extent  this  very  important 
principle  can  be  pushed  with  economy  and  safety.  Now  that  the 
facts  have  been  well  established  by  experience,  it  remains  for  someone 
to  come  forward  and  explain. 

After  reading  over  the  results  one  can  hardly  escape  the  conclusion 
that,  after  all,  the  good  work  done  is  simply  one  of  natural  avidity. 
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During  ordiuary  stages  of  tlie  river,  the  raw  water  contains  no  more  Mr.  Le  C(  ute. 
food  than  the  colloidal  film — covering  the  iiijper  surface  of  the  filter — 
can  get  away  with  conveniently.  During  flood  stages,  the  raw  water 
is  more  hea\aly  charged  with  food  products  than  the  colloidal  film  can 
conveniently  get  away  with,  and,  consequently,  the  film  germs  get 
more  food  than  they  actually  need,  and,  therefore,  allow  it  to  jiass 
through  with  the  filtrate. 

Not  so  with  the  second  filter,  which  is  fed  with  the  filtrate  from  the 
first  filter.  Here  the  film  is  fully  developed  and  ripened  with  raw 
water  before  it  is  put  into  service  as  a  second  filter,  and,  subsequently, 
it  is  fed  with  the  first  filtrate,  which  is  necessarily  lacking  in  food 
products.  Hence  the  film  germs  are  naturally  fierce  and  hungry,  and 
consequently  attend  to  their  duties  with  much  avidity,  and  the  result 
is  a  high-grade  second  filtrate.  This  would  seem  to  be  a  reasonable 
way  of  looking  at  it;  at  all  events,  it  is  offered  as  a  possible  explana- 
tion of  this  most  important  phenomenon. 

These  interesting  results,  among  other  things,  hold  out  pleasing 
holies  for  the  turbid  water  sujiplies  from  the  southern^rivers,  but  the 
news  seems  to  be  almost  too  good  to  believe  fully  that  such  a  simi^le 
procedure  could  possibly  overcome  the  great  difficulties  contended 
with  at  Cincinnati,  St.  Louis  and  New  Orleans.  The  writer  has  no  doubt 
that  double  filtration  would  certainly  palliate,  very  largely,  the 
troubles,  but,  nevertheless,  he  thinks  that  possibly  triple  filtration 
might  be  found  to  be  necessary. 

The  author's  automatic  regulators  for  controlling  filtration  ai'e 
very  ingenious  in  design,  and  are  worthy  of  high  praise  for  their 
simplicity  in  detail. 

The  023erating  expense  of  douljle  filtration,  given  by  the  author 
as  ^1.52  per  million  gallons,  is  most  remarkable  for  economy,  as  it 
means,  apjiroximately,  §3.04  per  million  gallons  in  this  country, 
which  is  far  less  than  one  would  naturally  expect. 

The  Society  is  gi-eatly  indebted  to  the  author  for  this  most  valuable 
paper. 

J.  P.  A.  Maignen,  Assoc.  Am.  Soc.  C.  E. — This  paper  is  very  inter-  Mr.  Maisnea. 
esting,  not  only  because  it  contains  a  practically  new  idea  in  the  man- 
agement of  slow  sand  filter  beds,  that  of  filtering  a  second  time  the 
filtered  water  when  it  does  not  come  up  to  the  desired  standard,  but 
also  because  it  deals  with  a  number  of  questions  which  may  be  dis- 
cussed with  advantage,  for  instance: 

The  best  test  to  apply  to  filters; 

The  influence  of  bacteria  in  the  process  of  water  purification; 

The  "  ripening "  of  filters; 

Whether  or  not  all  the  dirty  sand  should  be  scraped; 

The  speed  of  filtration; 

The  meaning  of  the  words,  "preliminary  "  and  "final  "filters,  etc. 
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Mr.  Maignen.  The  discussion  of  this  paper  will,  no  doubt,  bring  out  much  useful 
information  and  reveal  some  of  the  progress  made  in  the  art  of  filtra- 
tion during  the  last  few  years. 

The  author  suggests  that  "  the  bacteriological  examination  of  every 
filter  should  be  made  daily,  if  jjossible. "  In  great  cities  like  Phila- 
delphia, New  York  or  Washington  this  is  possible,  but  in  small  towns, 
where  the  resources  are  limited,  it  is  not  practicable.  The  speaker, 
however,  thinks  that  all  public  water  supplies,  large  orsmall,  should  be 
examined  bacteriologically  at  least  once  a  month  and  preferably  once  a 
week,  and  he  suggests  that  periodical  qualitative  analyses  of  the  raw 
water  and  of  the  filtered  water  (as  it  enters  the  distribution  mains) 
would  be  productive  of  more  good  than  the  daily  quantitative  test  of 
each  individual  filter. 

To  this  should  be  added  some  simple  chemical  tests  for  the  detec- 
tion of  organic  matter  and  chlorine,  which  would  indicate  immedi- 
ately any  extraordinary  pollution  of  the  water  supi^ly,  upon  the  ascer- 
tainment of  which,  public  authorities  should  seek  and  abate  the 
nuisance. 

The  qualitative  analyses  will  show  the  kinds  of  bacteria  which  pass 
through  the  filters,  and  establish  whether  or  not  the  purification  is 
complete.  If  it  be  found  incomplete,  those  in  charge  of  the  works  will 
be  induced  to  look  out  for  improvements.  At  present  it  seems  to  be 
granted  that  a  certain  number  of  Colon  Bacilli  may  pass  through  the 
filters  without  impairing  the  potability  of  the  water.  If  the  speaker 
were  responsible  for  the  management  of  a  public  water  supply,  he 
would  not  rest  until  the  system  or  systems  of  filtration  used  were  so 
perfect  that  they  would  give  a  final  filtrate  entirely  free  from  Colon 
Bacilli. 

The  sjjeaker  agrees  with  the  author  as  to  the  advantage  of  a  j^hysi- 
cal  test,  or  turbidity  observation,  because  it  gives  "immediate  re- 
sults." While  the  turbidity  standards  recommended  by  Mr.  Hazen, 
Mr.  Whijjple  and  Mr.  Goetze  may  be  satisfactory  for  very  turbid  ap- 
plied water,  in  the  opinion  of  the  speaker,  they  are  not  as  good  as  the 
simple  tube  for  filtered  water,  which  is,  or  ought  to  be,  always  prac- 
tically free  from  appreciable  turbidity. 

The  tube  used  for  this  purpose  at  Bremen  is  a  practicable  device 
which  an  ordinary  filter  attendant  can  easily  handle.  The  color  of  the 
water  in  that  depth  is  a  very  good  indication  of  the  operation  of  the 
filters.  In  London,  the  chemists,  appointed  by  the  Government  to  test 
the  quality  of  the  water  supplied  to  the  metropolis  by  the  difterent 
water  companies,  used  to  publish  a  weekly  report  stating  that  the 
filtered  water,  as  seen  through  a  2-ft.  tube,  was  yellow,  green  or 
brown.  These  different  shades  indicate  varying  proportions  of  sus- 
pended matter  in  the  water. 

In  Paris  the  speaker  used  a  3-ft.  tiibe   for  the  rapid  and  frequent 
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examination  of  each  filter,  and  a  ir)-ft.  tube  for  examining,  once  a  day,  Mr.  Maignen. 
the  general  filtrate  from  the  pure- water  well.  In  one  case  he  had  to 
deal  with  a  filter  plant  having  a  very  great  number  of  units  (more  than 
2  000)  divided  in  sixteen  sectional  collectors.  When  all  the  units  were 
working  normally,  the  water  in  the  tubes,  either  small  or  large,  did 
not  obscure  the  light  in  the  slightest  degree,  the  blue  sky  appeared  as 
blue  and  the  white  clouds  as  white  as  if  no  water  had  been  in  the 
tubes;  but  as  soon  as  a  single  unit  went  wrong  the  water  in  the  short 
tube  lost  its  brilliancy  and  that  in  the  long  tube  appeared  slightly 
yellow.  When  several  units  were  defective  the  color  was  more  intense, 
and  turned  to  green,  and,  as  the  defective  units  increased  in  number, 
the  water  became  brown,  the  raw  water,  of  course,  obscured  the  light 
entirely  and  appeared  black.  As  soon  as  all  the  defects  were  cor- 
rected the  filtrate  became  again  absolutely  colorless.  The  sjaeaker 
would  recommend  the  use  of  a  2-ft.  or  3-ft.  tube  for  checking  the 
daily  work  of  each  filter. 

The  author  affirms  that  the  "sand,  per  se,"  is  not  a  true  filtering 
medium;  that  it  is  "the  slimy  coating  {Schlammdecke)  which  is  de- 
posited upon  and  between  the  grains  of  the  upper  layer  of  sand  "  that 
does  the  work.  He  speaks  of  the  "favorable  interactions  of  bacteria 
and  algae,"  and  of  "organisms  consuming  and  producing  oxygen." 
He  states,  further,  that  "  a  filter  bed  filled  with  clean  sand  is  not  an  ap- 
paratus which  could  be  called  a  filter,  *  *  *  only  by  the  so-called 
Schlammdecke  is  there  formed  the  filter  which  is  suitable  to  retain  the 
bacteria;"  and  again,  that  the  sand  layer  is  used  as  a  biological  filter. 
The  speaker  is  of  opinion  that  the  author  attributes  too  high  a 
value  to  the  ScJdammdecke,  or  Schmutzdecke,  or,  in  plain  English,  "mud 
blanket,  "  and  to  olittle  to  the  sand  itself,  and  that  the  effects  of  the 
so-called  biological  action,  so  much  dwelt  upon  during  the  last  ten 
years,  have  been  overrated. 

Further,  he  believes  that  the  surface  of  a  sand  bed  is  a  hecatomb 
for  the  water  bacteria,  and  not  necessarily  a  breeding  ground  for 
them. 

In  open  filters  the  water  insects  and  infusoria  may  feed  on  the 
bacteria,  fresh-water  sponge  and  algaj,  which  grow  by  the  favor  of  the 
light,  act  as  a  kind  of  ijreliminary  filter,  and  may  entangle  some  of 
the  bacteria;  but  it  is  not  likely  that  the  bacteria  themselves  eat  one 
another;  they  ai-e  retained  like  the  rest  of  the  suspended  matter,  and 
contribute  physically  to  the  formation  of  the  complex  substance 
which  is  called  "mud." 

In  covered  filters,  where  the  sunlight  does  not  penetrate,  there  is 
much  less  animal  and  vegetable  growth,  yet  the  speaker  is  not  aware 
that  the  filtrate  of  covered  beds  is  inferior  to  that  of  open  beds. 

The  speaker  calls  attention  to  his  observations  on  "ripening" 
filters,*  in  his  discussion  on    "The  Filtration  Works  of    the  East 

*  Transaciions,  Am.  Soc.  C.  E.,  Vol.  L,  p.  447. 
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Mr.  Maignen.  Jersey  Water  Company,  at  Little  Falls,  New  Jersey."  There  he  showed 
that  sand  or  granular- bed  filters  could  be  rendered  "ripe"  by  filter- 
ing practically  sterile  water  during  a  certain  time,  say  one  month. 
They  became  "ripe,"  that  is,  capable  of  giving  an  almost  sterile  fil- 
trate without  the  formation  of  any  kind  of  "mud  blanket,"  and  they 
continued  to  give  perfect  results  for  months  afterward  with  ajiplied 
water  very  rich  in  bacteria. 

The  author  recommends  that  "  the  coherence  of  the  bacterial  mass, 
beneath  the  removed  layer  must  not  be  disturbed  ";  he  advocates  the 
removal  of  only  the  "most  dirty  layer"  and  not  the  whole  of  the 
"  slimy  coating."  There  are  filter  plants  in  this  country  in  which  all 
the  dirty  sand  is  not  removed,  and  others  where  it  is  entirely  removed, 
and,  as  far  as  the  speaker  knows,  it  is  the  latter  filters  which  give  the 
best  effluent;  therefore,  he  cannot  agree  with  the  author  on  this 
point. 

The  aiTthor  acknowledges  that  a  "ripe"  filter  may  deliver  a  poor 
filtrate  during  floods.  According  to  the  biological  theory,  when  a 
filter  is  old  it  is  "ripest,"  and  should,  then,  if  the  theory  were  strictly 
correct,  do  its  best  work  when  it  is  oldest,  yet  at  such  times,  if  the 
applied  water  is  roily,  the  filtrate  becomes  poor,  and,  therefore,  an 
explanation,  outside  of  the  biological  theory,  must  be  sought. 

The  speaker  ventures  to  suggest  the  following  theory  for  the 
breakdown  of  "  ripe  "  filters,  when  the  applied  water  becomes  bad. 
In  the  act  of  filtration,  the  water  in  its  downward  course  gradually 
creates  microscopical  fissures,  passages  or  channels,  after  the  fashion 
of  underground  waters  which  flow  long  distances  in  fissures.  As 
long  as  the  applied  water  is  comjiaratively  clear  there  is  no  disturb- 
ance in  these  filtering  channels,  the  particles  of  suspended  matter  are 
comparatively  large  and  light,  and  are  easily  retained  on  the  surface, 
but  when  road  wash  and  finely  divided  clay  are  brought  down  by 
heavy  rains  a  new  factor  intervenes,  the  fine  particles  of  clay,  micro- 
scopical stone  detritus  and  other  amorphous  matters  are  carried  with 
the  water  through  the  above-described  channels,  and  it  is  believed 
that  by  their  weight  and  number,  as  well  as  by  their  irregular  form, 
they  have  a  tendency  to  increase  the  erosive  action  of  the  flowing 
water  and  actually  enlarge  the  channels  through  which  they  pass. 
This  fact  is  particularly  noticeable  by  the  discoloration  of  the  sand  in 
some  parts  of  the  filters,  and  particularly  along  the  walls  and  piers. 

Something  has  been  said  about  the  unsatisfactory  operation  of 
sand  filters  in  winter.  May  there  not  be  some  such  erosive  action 
jjroduced  by  the  cold  water,  which,  of  course,  is  not  as  fluid  or  filtra- 
ble  as  the  warmer  water  of  summer? 

The  author  recommends  that  the  water  should  be  refiltered  when 
the  first  filtrate  is  poor,  particularly  after  refilling  and  in  time  of 
flood.     By  doing  so  he  aiiiilies  on  a  large  scale  what  is  done  in  the 
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laboratory  when  precipitates  are  separated  from  fluids  by  filtration  Mr.  Maignen. 
throngh  filter  paper.  The  first  filtrate  is  usually  cloudy  because 
there  are  pores  in  the  paper  larger  than  others,  when  these  become 
masked  by  a  portion  of  the  precipitate  the  liquid  comes  out  clear,  an 
artificial  filtering  membrane  has  been  formed  and  the  heterogeneous 
surface  has  been  rendered  homogeneous.  This  is  essentially  a  physi- 
cal process.  The  author's  process  difters  from  this  only  iu  the  fact 
that,  instead  of  passing  the  first  filtrate  through  the  original  filter,  he 
passes  it  through  another  filter  of  like  character. 

The  author  compares  the  action  of  slow  sand  filters  to  Nature's 
process,  and  says: 

"In  filters  which  ai-e  carefully  provided  with  a  sand  layer  of  even 
grain,  and  through  which  the  flow  of  water  is  regulated  according  to 
the  best  means  known  to  the  art,  a  process  of  cleaning  (purification) 
takes  place  analogous  to  that  which  in  Nature  produces  the  highly 
praised  spring  water." 

As  a  matter  of  fact,  sand,  in  Natur.?,  has  not  muc^h  to  do  with  the 
purification  of  water.  It  is  known  that  when  a  cesspool  is  within 
easy  distance  of  a  well,  and  when  the  soil  in  which  both  are  located 
is  male  up  of  "  sand  of  even  grain  "  there  is  "infiltration,"  or  slow 
filtration,  of  the  poisonous  matters  from  the  cesspool  into  the  well. 
Tje  same  kind  of  unsatisfactory  result  occurs  with  what  is  known  as 
"surface  sj^rings,"  whether  the  surrounding  soil  is  sandy  or  other- 
wise; when  the  rain  falls  the  so-called  spring  water  becomes  cloudy. 

In  Nature,  the  water  found  in  sand-bearing  strata  is  not  dirty 
when  it  gets  there  originally.  The  water  of  Nature's  siH-ings  gener- 
ally comes  from  distant  forest  lands  where  the  mossy  growth  acts  as  a 
preliminary  filter,  or  it  may  come  from  slowly  melting  snow,  in  which 
case  the  loamy  soil  also  acts  as  a  preliminary  filter.  In  any  case,  the 
mud  does  not  get  into  the  sand,  hence  it  U  that  the  so-called  natural 
«and  filters,  which  give  up  their  water  in  the  shape  of  s])rings  or 
wells,  never  get  clogged. 

Many  engineers  have  been  tempted  by  the  idea  that  the  gravel 
soils  which  are  on  a  level  with  the  river  banks  could  be  converted 
into  natural  sand  filters  by  being  drained  into  so-called  filtering  galle- 
ries, but  much  disapjiointment  has  been  met  with  by  those  bold 
enough  to  try.  For  a  few  years,  perhaps,  very  fine  water  is  thus 
obtained,  but  a  time  comes  when  the  water  originally  stored  in  the 
sand  strata  is  practically  exhausted;  the  fresh  water  which  flows  from 
the  river  into  the  gravel  carries  with  it  mud  which  accumulates  at 
the  points  of  contact  between  the  liquid  and  solid  elements,  and  the 
mud  itself  blocks  the  "  natural  "  filters  as  it  blocks  the  embankments 
of  canals  or  the  surface  of  artificial  sand  filters.  If  any  water  then 
})enetrates  the  gravel,  it  does  so,  not  through  a  great  number  of  small 
filtering  passages,  but  through  large  fissures  or  "rat  holes." 

For  instance,  at  Nancy,  in  France,  filtering  galleries  were  estab- 
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Mr.  Maignen.  lished  in  sandy  soil  alongside  the  River  Mouse;  for  a  time,  plenty  of 
water  found  its  way  into  the  galleries,  and  it  was  of  very  satisfactory 
quality,  but,  after  a  certain  period,  the  mud  clogged  the  sand  nearest 
to  the  river,  and  the  sandy  soil  surrounding  the  galleries  became  dry. 
The  galleries  themselves  continued  to  give  water,  but  it  was  unfil- 
tered,  it  came  direct  from  the  river  through  large  fissures,  and  caused 
considerable  sickness  in  the  town. 

It  should  be  remembered  that  the  art  of  filtration  is  not  limited  to 
the  passage  of  water  through  a  porous  body,  it  extends  also,  and  we 
may  say,  above  all,  to  the  keeping  of  the  filtering  surface  clean.  The 
prize  will  be  for  those  who  will  devise  the  best  and  most  economical 
means  of  disposing  of  the  mud. 

So-called  "natural"  sand  filters  are  not  easy  to  clean,  therefore 
they  may  be  dismissed  from  consideration  at  present. 

If  it  is  desired  that  sand  filters  work  as  in  Nature,  care  should  be 
taken  that  the  water  sent  on  them  be  as  free  from  suspended  matter 
as  it  is  in  Nature.  Sand  makes  a  very  good  bacteriological  filter,  the 
bacteria  do  not  find  siistenance  in  it,  and  if  the  applied  water,  as 
stated  by  the  author,  is  fairly  good  all  the  time,  the  filtrate  is  always 
well  nigh  perfect;  therefore,  it  may  be  laid  down  as  a  principle  that 
all  water  supplies  intended  for  sand  filtration  should  receive  a  j^relim- 
inary  treatment. 

What  is  done'at  Bremen  cannot  ba  correctly  called  "  preliminary  " 
filtration  and  "final"  filtration;  it  would  bo  more  accurate  to  call  it 
"first"  and  "second"  filtration. 

The  speed  of  filtration  rocommsnded  by  the  author,  namely 
1  600  000  to  2  000  00 J  galls,  per  acre  per  day  for  the  "first  "  filtration 
and  2  600  000  to  5  003  000  galls,  for  the  "  second"  filtration,  may  be 
practicable  in  i)lacos  where  the  consumption  is  from  20  to  30  galls, 
per  head  per  day,  but  it  would  bo  altogether  out  of  the  question  in 
this  country,  where  the  per  capita  requirements  vary  from  60  to  200 
galls.,  on  account  of  the  enormous  expense  of  first  installation. 

Downward  filtration  through  sand,  coarse  or  fine,  slow  or  rapid, 
cannot,  in  the  speaker's  opinion,  be  recommended  for  "  preliminary  " 
filtration.  It  must  always  be  an  expensive  operation,  because  the  voids 
between  the  grains  of  sand  are  necessarily  small,  and  they  become 
very  quickly  closed  up,  the  quantity  of  sand  necessary  to  retain  a  cer- 
tain quantity  of  mud  is  very  considerable,  and  the  handling  of  the 
dirty  sand,  whether  it  be  washed  in  situ,  as  in  mechanical  filters,  or 
removed,  as  in  slow  sand  filters,  forcibly  necessitates  much  power, 
labor  aad  wash-water.  Whatever  qualities  as  a  "final  "system  sand 
filtration  may  have,  it  cannot  be  considered  an  economical  ])rocess  of 
preliminary  filtration. 

Upward  filtration  through  sand,  also,  cannot  be  thought  of  for 
preliminary  filtration,  for  the  same  reason,  that  too  much  material  has. 
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to  be  handled  for  a  given  quantity  of  mud,  and  also  because  the  upward  Mr.  MaiKnen. 
flow  of  water  through  sand  transforms  the  filter  bed  into  quicksands 
and  surface  springs. 

A  true  system  of  economical  i)roliminary  filtration  has  been  inau- 
gurated quite  recently  in  Philadelphia,  at  the  Lower  Roxborough 
filter  plant.  It  will  no  doubt  be  brought  to  the  attention  of  the 
Society  in  detail  some  day,  but,  on  this  occasion,  it  may  be  briefly 
described: 

The  filtration  is  upward;  the  materials  used  are,  first,  a  layer  of 
slag,  in  pieces  varying  in  size  from  3  ins.  to  f  in.,  and  second,  a  layer 
of  sponge.  There  is  practically  no  loss  of  head,  the  effluent  rising 
within  1  or  2  ins.  of  the  level  of  the  influent,  and  the  operation  goes 
on  for  three  months  or  more  without  any  attention  or  labor  of  any 
kind.  The  slag  is  cleaned  by  downward,  reverse  flushing,  and  the 
sponges  are  washed  in  laundry  machines. 

There  is  an  old  saying  in  Germany  to  the  effect  that  when  dirty 
water  has  run  over  nine  stones  it  becomes  clear,  alluding,  no  doubt,  to 
the  behaviour  of  wash-water  or  sewer-water  in  village  brooklets.  This 
is  well  illustrated  in  the  Philadelphia  preliminary  filter,  which  has  a 
bacterial  efficiency  varying  from  80  to  95%,  with  a  speed  of  filtration 
of  48  000  000  to  60  000  000  galls,  per  acre. 

In  this  preliminary  filter  there  is  plenty  of  room  for  the  mud,  and 
the  quantity  of  material  to  be  handled,  for  a  given  quantity  of  miid,  is 
reduced  to  a  minimum,  hence  its  economical  operation. 

The  object  of  the  Bremen  system  of  intermittent  double  filtration 
is  to  insure  at  all  times  a  good  filtrate;  the  object  of  the  preliminary 
filtration,  as  carried  on  in  Philadelphia,  ought  to  be,  in  the  speaker's 
opinion,  threefold: 

First,  to  insure  a  good  filtrate  at  all  times; 

Second,  to  reduce  the  cost  of  first  installation  by  allowing  the  final 
filters  to  work  at  higher  rates,  say  6  000  000  galls,  or  more  per  acre  i)er 
day,  and 

Third,  to  cut  down  the  cost  of  operation  of  the  "final  "  filters  by 
reducing  the  number  of  sand-cleaning  operations. 

George  W.  Fulleh,  Assoc.   M.   Am.   Soc.  C.    E. — This    interesting  Mr.  George  W. 

Fuller 
l^aper  makes  it  plain  that  the  City  of  Bremen   has  a  filter  plant  which 

is  well  built  and  well  operated.  That  view  is  certainly  confirmed  by 
those  who  have  had  an  opportunity  to  visit  the  works  and  examine  the 
results  of  the  many  studies  made  by  the  author,  and  of  which  those 
presented  in  this  paper  are  representative. 

There  is  one  feature,  not  mentioned  by  the  author,  which  is  of  im- 
portance in  recording  the  accomplishments  of  a  filter  plant  which  has 
been  in  service  for  a  long  term  of  years,  and  that  is  the  effect  which 
has  been  produced,  upon  the  people  who  drink  that  water,  with  refer- 
ence to  the  prevalence  of  water-borne  diseases,  such  as  tyjjhoid  fever. 
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Wr.  George  w.  As  tlie  speaker  remembers  the  statistics,  the  annual  death  rate  from 

fuller.  ... 

typhoid  fever  in  the  City  of  Bremen  is  only  al)Oiit  ten  per  hundred 

thousand  of  jjopulatiou.  That,  it  will  be  recalled,  is  less  than  one- 
third  of  the  i^roportional  number  of  deaths  from  this  disease  in  the 
average  American  city,  and  about  one-half  of  that  in  those  cities 
in  this  country  which  are  considered  to  be  provided  with  very  good 
water. 

There  are,  of  course,  other  factors  besides  the  water  supply  which 
are  related  to  the  proposition  of  low  death  rates  from  typhoid  fever, 
but  it  seems  that,  in  connection  with  this  paper,  it  is  very  desirable 
to  bear  in  mind  the  actual  accomplishment  of  the  filters  which  is  aimed 
at;  that  is,  to  give  the  people  a  water  which  is  not  only  pleasing  in 
its  appearance,  but  one  which  is  thoroughly  safe  to  use  for  drinking 
pixrposes. 

In  the  management  of  the  Bremen  filters,  there  is  a  feature  which 
is  worthy  of  considerable  study  by  the  water-works  engineers  of  this 
country.  Even  with  such  devices  as  the  by-passes  mentioned  by  Mr. 
Hazen,  where  opportunities  are  available  for  getting  into  trouble,  it  is 
significant  that  those  troubles  have  not  come.  Great  influence,  in  the 
ojiinioa  of  the  speaker,  ought  to  be  exerted  by  engineers  in  this  coun- 
try toward  bringing  filter  operations  to  a  higher  plane  of  excellence. 
While  many  filter  plants  in  this  country,  both  of  the  sand-filter  and 
the  mechanical-filter  types,  are  well  oj)erated,  there  are  many  which 
are  not  so  well  operated.  It  is  believed  that  this  is  a  very  important 
factor  to  be  borne  in  mind,  in  connection  with  the  development  of 
water  purification  in  America. 

Why  the  Bremen  filters  do  not  produce  a  better  effluent  when 
for  short  periods  a  moderate  turbidity  apjiears  in  the  river  water,  is 
a  question  which  requires  considerable  study,  and  is  difficult  to 
answer. 

With  filters  of  this  type,  operated  at  several  places  in  the  United 
States,  especially  on  the  Ohio  River  and  on  the  Mississippi  River  at 
New  Orleans,  they  have  been  able,  with  a  turbidity  greater  even  than 
that  encountered  at  Bremen,  to  produce  a  good  filtered  water  for  quite 
a  number  of  days  after  muddy  water  appeared.  Frequently,  as  many 
as  ten  days  have  gone  by,  with  very  turbid  water  going  on  the  filters, 
and  still  the  filtrate  was  satisfactory  in  appearance  and  excellent,  bac- 
teriologically. 

These  differences  in  experiences  are  doubtless  due  to  differences  in 
•conditions  which  are  difficult  to  gauge.  How  far  the  character  of  the 
organic  matter  which  forms  films  upon  the  sand  grains  (of  which  so 
much  is  said  in  Germany,  but  which  in  this  country  is  not  considered 
so  much  a  factor)  may  explain  these  particular  results,  it  is  hard  to  say. 
It  seems  to  the  speaker  that  the  shallower  sand  layers,  which  they  have 
used  at  Bremen  and  other  places  in  Euroi^e,  may  be  a  factor  of  some 
consequence. 
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Speaking  generally  of  double  filtration,  it  appears  that  there  are  Mr.  George  w. 
many  waters  in  this  country  where  there  may  be  opportunities  for  the 
advantageous  application  of  such  a  method.  Some  of  them  are  in  con- 
nection with  those  waters  which  become  turbid  for  short  periods,  but 
notsu'H  nently  turbid  to  re  jdor  nec3ssary  large  investments  for  settling 
basins  or  coagulating  basins. 

Others  refer  to  waters  which  have  bad  tastes  and  odors,  due  to 
vegetable  growths,  such  as  that  which  has  been  studied  for  many  years 
at  Springfield,  Mass.  The  studies  of  the  water  of  the  Ludlow  reser- 
voir are  along  linos  different  from  those  which  have  been  usually 
studied  elsewhere.  They  refer  to  the  removal  of  tastes  and  odors  pro- 
duced by  Anabcena,  a  vegetable  growth  which  seems  to  have  oil  sacs 
contained  in  it.  Upon  dying,  this  oil,  which  is  very  pungent  and  pene- 
trating, is  liberated.  A  small  quantity  of  it  will  affect  a  large  volume 
of  water. 

Double  filtration  is  useful,  in  connection  with  such  waters,  in 
facilitating  oxidation,  and  can  produce  a  good  effluent;  whereas,  with 
single  filtration,  the  result  at  times  is  decidedly  unsatisfactory. 

In  general,  double  filtration  is  something  of  which  a  great  deal  more 
will  be  heard  in  the  future. 

WiLiiiAM  B.  Bkyan.*  M.  Inst.  C.  E.  (by  letter).— The  writer,  when  Mr.  Bryan, 
appointed  Chief  Engineer  of  the  East  London  Water-Works  Company, 
found  two  systems  of  sand- washing  in  use:  One  was  merely  a  brick- 
work tank,  with  end  walls  only,  into  which  the  dirty  sand  was  wheeled. 
The  workmen  cleansed  the  sand  with  a  jet  from  a  hose  pipe.  The 
cleansing  was  very  effectual,  but  the  loss  of  sand  and  the  consumption 
of  w  ater  were  very  great.  This  system  is  still  in  use  in  some  water- 
works in  England. 

In  the  second  system,  the  dirty  sand  was  thrown  into  a  cast-iron 
tank  with  a  perforated  bottom,  and  the  water,  under  pressure,  flowed 
upward  and  agitated  the  sand.  The  dirty  water  flowed  away  into  the 
drains  and  catch-pits  provided  for  the  purpose. 

Both  these  systems,  although  doing  their  work  eff'ectually,  were 
costly  in  operation.  In  1882  the  writer  visited  the  Birmingham 
Water- Works,  where  he  saw  sand  being  elevated  out  of  one  tank  into 
another,  only  3  or  4  ft.  high,  by  three  1^-in.  pipes  laid  on  the  slope, 
and  three  ordinary  jets  of  water,  under  pressure, 
directed  into  these  pipes  (Fig.  2).  The  sand  was 
elevated  with  a  very  fair  amount  of  success. 
This  was  not  intended  as  a  washing  apiiaratus. 
Some  time  later,  the  writer  had  an  ejector  made,  Fig.  2. 

of  a  very  large  size,  like  the  sketch  in  Fig.  3,  but  it  was  intended  to 
work  the  api>aratus  in  j^airs.  The  top  was  to  be  closed  by  a  block  of 
wood,  about  10  ins.  in  diameter,  after  the  ejector  was  filled  with  dirty 

*  Engineer,  East  London  Water-Works  Company. 
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Sand  thrown  in  here  when 
lever  dropped 


When  receptacle  is  nearly- 
full,  wood  plug  is  pulled 
up  by  lever  and  pressure 


Ball  of  iron  to 
act  as  reliux 


Mr.  Bryan,  sand.  This  was  merely 
an  exijeriment,  and  was 
never  used  in  actual 
practice  on  account  of 
its  enormous  weight  and 
size.  When  a  few  bar 
row  loads  of  sand  and 
gravel  were  thrown  into 
the  ejector,  and  water 
under  pressure  was 
turned  into  it,  the 
gravel  and  sand  were 
delivered  at  a  distance 
of  about  700  ft.  and  to 
a  height  of  about  11  or 
12  ft.  The  exi^eriment 
was  very  successful,  but 
it  showed  at  once  that  for  practical  work  something  which  would  be 
continuous  in  operation  must  be  obtained,  and,  after  a  number  of 
experiments  in  1884,  1885  and  1886,  by  a  gradual  process  of  evolution, 
and  after  examining  all  the  various  kinds  of  apparatus  used  in  South 
Wales  for  washing  coal,  the  present  system  was  introduced. 

At  tirst,  it  was  proposed  to  use  several  ejectors,  one  after  the 
other,  so  as  to  do  away  with  machine  washing,  but  it  was  found  that 
machine  washing,  after  taking  everything  into  consideration,  was 
better  than  any  other;  and  probably,  in  a  great  measure,  this  is  due 
to  the  shape  of  the  East  London  filter  beds  and  the  available  space  in 
the  center  enabling  the  rotary  machine  to  be  swung  around  on  a  little 
railway  along  the  edge  of  the  circular,  covered,  pure-water  basin. 
The  castings  for  the  ejectors  were  made  by  Messrs.  Hunter,  of  Bow, 
for  the  East  London  Water- Works  Company,  and,  a  year  or  two  later, 
Mr.  Hunter,  in  conjunction  with  Mr.  Frazer  and  Mr.  Goodman,  of 
theOrand  Junction  Water- Works,  took  out  a  patent  for  sand-washing 
by  ejectors,  but,  unfortunately  for  them,  they  had  been  anticipated 
by  several  years  by  the  writer.  As  will  be  seen  from  Figs.  4  and 
5,  and  the  photogriplis  on  Plate  XV,  the  dirty  sand,  instead  of 
,  having  to  ba  wheeled  a  long  distance  out  of  the  beds,  as  for- 
merly, is  merely  wheeled  into  a  cast-iron  hopper,  the  water  is 
turned  on,  under  pressure,  and  left  on  until  the  whole  of  the  dirty 
sand  in  the  bed  had  been  lifted  out.  It  j^asses  into  one  end  of 
the  rotary  machine,  and  is  also  washed  in  transit.  A  little  hydraulic 
engine,  fed  by  jjure  filtered  water,  turns  the  arm  inside  the  longi- 
tudinal cylinder,  and  the  exhaust  water  flows  into  the  hopper  at  the 
opposite  end  from  the  dirty  sand,  consequently,  there  is  always  a 
current  of  water  meeting  the  sand  passing  through  the  washer.  The 
dirty  sand  overflows  at  one  end,  and,  as  the  sand  gets  cleaner,  it 
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Fig.  1. — Sand- Washing  Appar-^tus  at  the  East  London  Water- Works. 
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Fig.  2. — Sand- Washing  .Vpparatcs  at  the  East  London  W.\ter-Works. 
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m39ts  the  cleaner  water.  The  elevator  drops  it  into  a  small  iron  Mr.  Bryan, 
receptacle  andag-in  jet  of  water  throws  the  clean  sand  into  an  adjoin- 
ing bed,  the  latter  operation  involving  no  loss  of  water  whatever.  In 
the  original  experiments  an  unforeseen  difficulty  was  met  in  connection 
with  the  suction  pipe.  This  pipe  was  made  somewhat  coned,  as  in  the 
sketch,  Fig.  6,  with  the  widest  end  of  the  cone  dipping  into  the  dirty 
sani,  and  the  flow  of  water  was  so  smooth  that  the  organic  matter  in 
the  sand  formed  a  slime  on  the  surface  to  a  considerable  distance,  and 
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Fig.  4. 

prevented  its  efficient  operation.  Therefore,  the  suction  pipe  was 
taken  off  and  a  straight  one  put  in  with  the  water  entering  a  T-piece 
at  the  bottom  with  holes  drilled  through  so  that  it  should  enter  four 
ways  at  once  and  the  water  jostle  itself  in  all  directions  in  passing  up 
the  pipe.  No  trouble  has  been  experienced  during  the  last  seventeen 
years. 

Shortly   after  the   great   epidemic   of   cholera   at   Hamburg,    the 
engineers  of  the  Hamburg  Municipality  paid  a  nuoaber  of  visitsjto 
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Fig.  6. 


the  East  London  Water- Works,  and  were  very  much  ;=n  if==^.  ^I'-  Bryan, 
impressed  with  the  ejecting  apparatiis.  As  the 
■writer  was  known  personally  to  Messrs.  Korting,  of 
Hanover,  who  were  great  makers  of  similar  appa- 
ratus, he  suggested  that  that  firm  would  (when  they 
had  designed  and  constructed  their  new  filters),  no 
doubt,  turn  out  as  good  an  ejector  as  that  being 
manufactured  for  the  East  Loudon  Water- Works, 
and  this  has  been  done;  and  the  Chief  Engineer  of 
the  Hamburg  Municii)ality  has  always  given  the 
East  London  Water- Works  Company  the  credit  for 
being  the  pioneers  in  ejecting  dirty  sand  from  filter 
beds. 

El-dolph  Heking,  M.  Am.  Sot;.  C.  E.  (by  letter).  Mr.  Herinjir. 

The  writer  has  been  requested  to  close  the  discus- 
sion on  Mr.  Goetze's  paper,  having  urged  its  presen- 
tation to  the  Society.  He  is  pleased  to  observe  that 
the  paper  has  been  found  both  interesting  and  in- 
structive to  nearly  all  the  discussers,  and  that  it  has 
elicited  some  valuable  comments  in  relation  to  the 
application  of  the  described  system  to  the  conditions 
in  America. 

Mr.  Kiersted  and  others  very  properly  emphasize  the  caution  that 
very  turbid  waters,  such  as  those  in  the  Southern  States  and  those  of 
the  Middle  West,  could  not  be  successfully  treated  alone  by  the  system 
of  double  filtration,  because  a  prior  settlement  of  the  water  is  essen- 
tial in  such  case  for  economical  reasons. 

There  remain,  however,  as  remarked  by  Mr.  George  W.  Fuller, 
many  waters  in  America  where  there  may  be  opportunities  for  the 
advantageous  application  of  double  filtration;  some,  where  the  cost 
of  settling  or  coagulating  basins  does  not  seem  warranted  on  account 
of  very  short  periods  of  turbidity,  and  some  where  bad  tastes  and 
odors  cannot  be  satisfactorily  removed  by  single  filtration. 

Mr.  William  B.  Fuller's  contention  that  the  Bremen  method  of 
double  filtration  might  be  dangerous  here,  because  in  America  slow 
sand  filters  must  be  made  as  nearly  "fool-proof"  as  possible,  is 
rather  more  a  reflection  upon  us  than  upon  the  intrinsic  merits  of 
Mr.  Goetze's  design.  Mr.  Hazen  reiterates  an  earlier  statement  of 
his,  saying  that  with  careless  or  vicious  attendants  the  raw  water 
of  the  Bremen  filters  can  be  run  into  the  filtered-water  pipes.  Mr. 
Goetze  has  stated  that  such  a  case  has  never  occurred,  and  could  not 
occur  with  even  fairly  intelligent  management.  It  seems  to  the  writer 
that  the  operation  of  any  modern  filter,  of  whatever^  kind,  requires 
careful  and  conscientious  work.  By  "careless  and  vicious  attend- 
ants" auv  one  of  them  may  be  made  inefiective,  and,  like  theneces- 
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Mr.  Herinj?.  sity  for  capable  attendants  to  operate  liigli-class  modern  pumping 
machinery,  where  "careless  or  vicious  attendants"  might  cause  the 
loss  of  much  capital,  so  does  a  similar  fear  not  seem  to  justify  oppo- 
sition to  the  introduction  of  a  higher  class  of  intelligence  in  the 
operation  of  filters. 

Mr.  Kaowles  maintains  that  in  America  the  introduction  of  double 
filtration  means  the  necessity  of  installing  twice  the  otherwise  re- 
quired filter  area.  This  would  be  true  for  very  turbid  water.  But  it 
hardly  seems  true,  when  the  application  of  the  system  is  limited,  as 
it  should  be  in  America,  to  the  cases  mentioned  by  Mr.  George  W. 
Fuller,  and  which  correspond  closely  to  the  Bremen  conditions. 

Mr.  Hazen  believes  the  winter  temperature  of  Bremen  to  be  about 
the  same  as  that  in  Pittsburg,  and  that  covei'ing  filters  in  the  climate 
of  the  latter  city  is  to  be  regarded  as  a  luxury  rather  than  necessity. 
In  a  report  of  a  commission  on  the  Pittsburg  case  last  winter,  of  which 
the  writer  was  a  member,  the  following  table  of  winter  temperatures 
convinced  the  entire  commission  that  for  at  least  last  winter  the  filters 
if  uncovered  w-ould  have  been  inoperative,  and  it  seems  to  the  writer 
to  have  been  a  very  prudent  decision,  not  only  in  Pittsbiirg,  but  even 
in  Philadelphia  and  Washington,  to  cover  the  projected  filter  beds: 

Minimum  Tempekatubes  at  Pittsburg,  Pa. 

Dec,  1903 28  days  below  32^ 

14  "  "  20° 

4  "  "  lOo 

0  "  "  O'' 

Jan.,  1904 26  "  "  32° 

18  "  "  20° 

8  "  "  lOo 

2  "  "  0° 

Feb.,  1904 27  "  "  32° 

18  "  "  20° 

14  "  "  10° 

2  "  "  0° 

In  Hamburg,  Germany,  the  filters  would  have  been  covered  by  Mr. 
Meyer,  the  engineer,  without  question,  as  he  told  the  writer,  had  the 
condition  of  the  soil  allowed  of  it. 

Regarding  the  use  of  the  ejector  type  of  sand  washer,  which  the 
author  does  not  favor,  American  experience,  on  the  contrary,  rather 
favors  it,  with  certain  improvements  suggested  by  Mr.  W.  B.  Fuller 
and  Mr.  John  H.  Gregory,  and  it  seems  that  this  type  has  come  to  stay 
with  us  for  a  while,  as  it  is  effective,  convenient  and  economical. 

Mr.  Maignen  and  Mr.  Copeland  give  some  interesting  statements 
regarding  certain  experiments  at  Philadelphia  on  preliminary  filtration 
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of  another  claaracter,  indicating  that  sIoav  filters  when  receiving  water  Mr.  Hering. 
that  has  been  well  clarified  by  a  thorough  preliminary  filtration  can 
double  their  rate,  and  indicating  that  hereby  much  larger  volumes  of 
water  than  with  single  filtration  can  be  treated,  before  the  loss  of  head 
puts  the  filters  out  of  service.  The  method,  however,  is  radically 
different  from  that  in  use  in  Bremen,  and  further  experience  must  be 
gained  before  a  verdict  as  to  the  relative  merits  and  ajji^lications  of 
the  two  systems  can  be  given. 

The  writer  believes  that  Mr.  Le  Conte  has  a  rather  too  rosy  expecta- 
tion regarding  the  effect  of  double  filtration  on  such  very  turbid 
waters  as  those  in  the  South  and  Middle  West.  While  repeated  fil- 
tration might  reduce,  and,  for  short  periods,  sometimes  completely 
remove,  the  turbidity,  it  is  pretty  certain  that  in  the  waters  mentioned 
this  could  be  done  only  at  a  much  greater  expense  than  when  a  system 
of  coagulation  is  siibstituted,  as  projected  in  a  number  of  plants  now 
in  process  of  construction  in  that  territory. 

It  is  very  gratifying  to  receive  Mr.  Bryan's  discussion,  as  it  gives 
an  interesting  account  of  the  evolution  of  the  sand-washing  device  in 
England  and  in  Hamburg. 
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WITH  Discussion  by  Messes.  M.  F.  Bonzano,  V.  H.  Hewes,  H.    F. 
Dunham,  Robeet  Beewstee  Stanton,  Richaed 
Lamb  and  E.  P.  Goodrich. 


Introduction. 


While  theories  concerning  the  action  of  granular  masses,  as  to 
planes  of  rupture  and  of  friction,  and  as  to  lateral  pressures,  etc.,  are 
fairly  numerous,  they  are  not  at  all  concordant  in  the  results  they 
produce,  and  these  results  are  not  in  accord  with  the  few  experiments 
thus  far  made  public,  or  with  common  engineering  practice  in  the  de- 
sign of  structures  having  to  do  with  such  granular  substances.  It  is 
hoiDcd  that  the  experiments  herein  described  will  throw  some  light 
upon  the  subject,  aid  designers  in  getting  nearer  to  the  requirements 
in  actual  cases,  serve  to  coi'rect  some  errors  in  the  several  theories,  and 
form  a  nucleus  around  which  to  build  practicable  working  rules  or 
perhaj^s  a  theory  which  will  indeed  agree  with  fact. 

The  order  of  presentation  of  the  following  material  is  almost  the 
opposite  of  that  in  which  it  was  Avorked  out. 

*  Presented  at  the  meeting  of  April  30th,  1904. 
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WoKK  GF  Other  Observers. 

An  analysis  of  the  data  given  by  Sir  Benjamin  Baker,  in  his  paper,* 
*'The  Actual  Lateral  Pressure  of  Earthwork,"  warrants  perhaps  one 
deduction,  viz.,  that  the  coai'ser  the  materials,  the  less  the  lateral 
pressure.  The  curves  of  Fig.  1  show  that,  for  coal,  shingle,  ballast 
and  macadam  material,  the  results  are  fairly  concordant,  and  that  the 
lateral  presstire  for  such  materials  is  about  one-tenth  of  the  vertical 
pressure,  and  varies  uniformly  with  it.  It  apjjears  that  the  lateral 
pressure  for  clay  runs  often  to  one-fifth  of  the  vertical  pressure,  while 
in  loose  earth  it  varies  between  one-tenth  and  one-fifth. 

The  work  of  G.  H.  Darwin,  described  in  his  paper,!  "On  the 
Horizontal  Thrust  of  a  Mass  of  Sand,"  is  of  little  practical  value  be- 
cause of  the  small  size  of  his  model,  but  several  of  his  conclusions  are 
interesting.  He  says,  "  the  coefiicient  of  maximum  internal  friction 
is  probably  very  different  in  different  parts  of  a  mass  of  sand,"  and  it  is 
not  equal  at  any  point  to  that  of  the  talus  of  greatest  possible  slope,  and 
"  is  a  function  of  the  jiressure;"  and,  also,  "  of  the  pressure  and  shak- 
ing to  which  at  some  previous  period  the  mass  of  sand  has  been  sub- 
jected. "  Fig.  2  shows  the  range  of  his  experiments,  jjlotted  to  a  scale 
for  comparison'  with  others. 

A.  A.  Steel,  in  his  article,  J  "  Experiments  in  Earth  Pressxares  against 
Retaining  Walls,"  concludes,  in  jjart,  from  his  work:  That  the  lateral 
"pressure  is  not  equal  to  a  constant  times  the  head"  (vertical 
pressure);  that  the  surface  slope  has  some  slight  effect  upon  the 
lateral  pressure;  and  that  "the  nearness  of  the  solid  bottom  "  (of  his 
model)  §  "  has  an  unknown  but  large  effect  on  the  lateral  pressure." 
His  last  conclusion  is,  really,  that  the  compressibility  of  the  earth, 
combined  with  its  arching  effect,  affects  largely  the  lateral  pressure. 
The  results  of  his  experiments,  in  terms  of  vertical  and  lateral 
pressures,  are  shown  in  Figs.  3,  4  and  5.  For  dry  and  moist  earth,  he 
finds  that  the  lateral  jjressure  is  from  one-fifth  to  one-third  of  the 
vertical  pressure,  and,  in  saturated  materials,  is  practically  equal  to  it. 
The  excessively  large  and  the  almost  minute  pressures  used  by 
Gaorge  Wilson,  described  in  his  paper, ||  "  Some  Experiments  on  Con- 

*  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  LXV,  p.  140. 
t  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  LXXl,  p.  350. 
t  Engineering  News,  Oct.  19th,  1S99,  Vol.  XLII,  p.  361. 
§  The  words  iu  parentheses  are  by  the  writer. 
I  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  CXLIX,  p.  208. 
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jugate  Pressures  in  Fine  Sand  and  Their  Variation  with  the  Presence 
of  Water,"  make  his  work  of  little  value  except  for  comi^arisou.  He 
proves  that  the  tangent  of  the  internal  angle  of  friction,  at  pressures 
up  to  100  tons,  varies  with  the  amount  of  moisture  present.  Also,  by 
another  series,  that,  even  at  depths  of  a  few  inches,  the  moistiire 
present  has  considerable  effect  upon  the  coefficient  of  friction  between 
sand  and  metal,  sand  and  glass,  and  sand  and  wood.  The  results  of 
his  experiments,  replotted  for  comparison  with  others,  are  shown  in 
Figs.  6  and  7.  He  finds  that,  with  differing  amounts  of  moisture,  the 
lateral  i^ressure  at  great  depths  (ai)proximating  1  000  ft.),  varies  from 
one-fifth  to  one-third  of  the  vertical  pressure,  being — 

"Greatest  when  the  sand  is  dry,  or  when  it  is  saturated  with  water; 
that  it  diminishes  to  a  minimum  between  these  limits  and  then  increases 
again;  and  that  the  value  of  this  decrement  for  any  particular 
percentage  diminishes  as  the  pressure  increases." 


THREE-FOOT   EARTH-PRESSURE 
MODEL. 


Experiments  with  Model. 

One  series  of  observations  made  by  the  writer  was  upon  a  model 
which  could  contain  a  mass  of  earth  3  ft.  x  3  ft.  and  6  ft.  deep.  (See 
Fig.  8.)  Stiff  corner  posts  were 
bolted  together  to  make  a  frame, 
from  which  a  box  could  be  made 
by  the  insertion  of  removable 
side  boards  3  ft.  long  and  1  ft. 
wide.  On  one  side  of  the  model 
the  boards  were  fitted  with 
especial  care,  and  ijajjer  was 
jilaced  over  all  edges  so  that  the 
particles  of  earth  could  not  enter 
the  joints  and  affect  the  results. 
About  3  ins.  above  the  center  line 
of  the  lowest  board  upon  this 
side,  a  rod,  secured  to  the  vertical 
posts,  was  placed  so  that  two  bent 
levers  with  fulcrums  on  the  rod 
would  each  bear  with  a  short  arm 
against  the  center  of  the  board 
near  its  two  ends,  and  so  that  a 
long   arm  would  extend  horizon- 
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tally  from  the  model.  A  scale-pan  was  arranged  to  be  hung  on 
each  horizontal  arm,  and  weights  of  known  values  were  cast  for 
the  pans.  Thus,  by  moving  the  pans  along  the  horizontal  arms, 
varying  pressures  of  known  amounts  could  be  obtained  against  the 
board,  and,  consequently,  the  lateral  pressure  of  the  earth  inside  the 
model  could  be  equilibrated.  In  conducting  an  experiment,  common, 
slightly  moist,  bank  sand  was  first  thrown  into  the  model  to  the  de- 
sired depth.  Long,  taj)ering,  metal  wedges  were  then  inserted  between 
the  frame  and  the  lowest  movable  side-board,  and  weights  were 
gradually  applied  to  the  scale-pans  and  the  latter  moved  along  the  lever 
arms  until  the  wedges  dropped  by  their  own  weight.  The  uniformity 
of  the  results  depended  upon  the  nicety  and  exact  equality  with  which 
the  wedges  were  inserted,  and  this  depended  entirely  upon  the  skill  of 
the  observer.  After  a  little  practice,  enough  skill  was  acquired  so  that 
the  results  of  the  observations  made  on  separate  days  did  not  differ 
more  than  could  be  attributed  to  other  sources  of  variation,  such  as 
the  manner  of  depositing  the  sand  in  the  model,  its  varying  humidity, 
etc.     Furthermore,  two  consecutive   series 

.      .  CURVE  or  LATERAL  PRESSURE  FOR  MOlSt 

of  observations  by  any  individiial  observer     sand,  found  by  the  writer's  model. 

10       20       30       40       ^^       "'^ 

did  not  vary  more  than  lO^j^,  including  all 
sources  of  error. 

Fig.  9  gives  the  averages  of  all  results  loo 
obtained  with  the  apparatus  shown  in  Fig. 
8.  In  this  experiment  the  lateral  jjressure 
is  approximately  one-fifteenth  of  the  verti- 
cal pressure  plus  15  lbs.,  thus  being  less 
than  one-fifth  of  the  vertical  pressure,  ex- 
cept near  the  surface,  and  diminishing  with 
increased  vertical  pressures.  The  curvature 
of  the  upper  portion  of  the  figure  shows  the 
same  departure  from  uniform  variation  found 
by  Steel  (see  esijecially  Figs.  3  and  5).  The 
15-lb.  constant  would  immediately  suggest 
a  uniform  friction  increment  or  arch-action 
increment,  and,  doubtless,  there  were  such 
increments,  because  of  the  small  size  and 
of  the  manner  of  construction  of  the  model.  The  small  ratio  of  lateral 
to  vertical  pressure  also  indicates  such  conditions,  and  the  results, 
therefore,  are  believed  to  be  of  little  value.     It  is  possible  that  some 
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DIAGRAM   OF  ARRANGEMENTS   IN   RETAINING- 
WALL   EXPERIMENTS. 


board  above  the  lowest  one  would  have  given  relatively  larger  results, 
similar  to  the  ones  found  by  Steel. 

Experiments  vtitb.  EETAXNrNG  WAiiL, 
Another  experiment  was  tried,  in  connection  with  the  filling  behind 
a  line  of  sheet-piling  driven  to  form  the  face  of  a  retaining  wall.  A 
section  of  the  piling  was  selected  which  was  fairly  straight  and  had 
been  evenly  driven.  A  box,  G  x  1  x  15  ft.,  inside  measurement  (see 
Fig.  10),  was  constructed  with- 
out a  top  and  with  the  sheet- 
piling  as  one  of  the  large  sides. 
This  brought  the  other  large 
side  of  the  box  broadside  to  the 
fill.  This  side  consisted  of  3  x 
10-in.  yellow  pine  plank,  15  ft. 
long,  and  was,  therefore,  of  such 
material  and  dimensions  as  to 
permit  of  appreciable  deflection 
by  the  lateral  pressure  of  the 
fill.  The  box  was  well  braced 
around  the  ends,  and  the  top  was 
left  ojien,  so  that  a  measuring  in- 
strument could  be  drojjped  down 
inside  of  the  box  to  ascertain 
the  distance  between  the  sheet- 
piling  and  the  deflected  side  at 
various  depths.  This  device  consisted  of  a  long,  square  rod  which 
was  marked  off  in  1-ft.  lengths.  At  the  lower  end  of  the  rod,  and 
at  right  angles  to  it,  was  fastened  a  1  x  3-in.  strip  slightly  longer 
than  the  smallest  inside  dimension  of  the  box.  The  end  of  the  rod 
was  at  the  center  of  the  strip.  This  was  duplicated  exactly  by  a 
second  piece,  arranged  so  as  to  slide  on  the  rod,  which  second  piece 
always  remained  at  the  top  of  the  box.  By  this  arrangement,  the  top 
piece  would  always  show  the  exact  angular  position  of  the  bottom 
one,  in  Avhatcver  position  the  rod  was  twisted.  By  lowering  the  rod 
by  degrees  into  the  box  in  a  fixed  vertical  line,  and  twisting  it  at  each 
depth  so  that  the  bottom  piece  was  "brought  up"  with  its  two  ends 
against  the  two  inner  sides  of  the  box,  the  slide  at  the  top  would  give 
the  exact  angle  of  the  bottom  piece.     Moreover,  if  one  corresponding 
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end  of  the  slide  was  brouglit  in  contact  witli  one  side  of  the  box,  at 
the  top,  the  distance  from  the  other  end  of  the  slide  to  the  other  side 
of  the  box  would  equal  the  difference  in  the  breadth  of  the  box  be- 
tween that  at  the  top  and  that  at  the  i>oint  of  observation.  This  dif- 
ference was  the  measurement  sought,  being  the  deflection  caused  by 
the  earth  pressure  at  the  point  observed.  Readings  were  taken  in  this 
manner,  {<<)  before  any  earth  was  in  contact  with  the  box,  (6)  as  soon 
as  it  had  been  brought  half  way  ujj  the  box,  (c)  as  soon  as  the  fill  was 
completed,  and  (d)  after  varying  intervals  of  time.  The  deflection 
curves  are  shown  at  the  left  of  Figs.  11  to  16. 

The  filling  consisted  of  earth  excavated  during  freezing  weather, 
and  the  fill  was  made  by  dumping  on  the  edge  of  an  embankment. 
Thus,  the  material  immediately  against  the  box  at  the  time  of  the  first 
two  observations  was  i^rincipally  frozen  lumps.  The  third  observation 
was  taken  after  a  thaw  of  several  days,  and  the  remaining  ones  after 
the  frost  had  entirely  left  the  ground. 

It  was  desirable  to  obtain  some  analysis  of  the  deflection  curves,  in 
order  to  see  whether  they  would  show  in  any  way  how  the  pressure 
obtained  its  full  effect  in  deflecting  the  timber,  and  whether  different 
conditions  of  the  filling  material  caused  any  variation  in  pressure.  The 
actual  observations,  therefore,  were  plotted  for  each  series  (shown  by 
the  dashed  lines  at  the  left  of  Figs.  11  to  16),  and  approximate  deflec- 
tion curves  (shown  in  full  lines)  drawn 
through  them.  A  curve  in  which  each 
ordinate  of  one  curve  is  proportional  to 
the  difference  between  two  corresponding 
consecutive  ordinates  of  another  is  the 
curve  which  is  the  first  differential  of  the 
latter  curve.  In  Fig.  17,  let  a  J  c  be  the 
given  curve,  in  which  y,  and  i/.,  are  any 
two  consecutive  ordinates,  all  of  which  are  spaced  uniformly. 
By  construction,  make  y^  =  m  {i/.,  —  i/j). 

Then  V  =  n  (-^-^^  =  n  iji^Zld  =  (at  limit)  4^. 

constant  (xg  —  x^)  ax 

Hence,  having  drawn  the  deflection  curve,   the  moment  curve  can  be 

drawn   by   laying   ofi"  equally  si)aced    ordinates   along  the   deflection 

curve  and    constructing   a   second  curve   in   which  similarly   sj^aced 

ordinates  are  proportional  to  the  difference  between  the  consecutive 
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ordinates  of  the  first  curve.  Similarly,  a  shear  curve  can  be  drawn 
from  the  moment  curve,  since  the  shear  is  the  first  difi'erential  of  the 
moment  at  any  i^oint.  The  same  rule 
applies  to  constructing  the  load  curve 
from  the  shear  curve,  but,  for  a  some- 
what different  reason.  In  Fig.  18,  let 
ab  che  the  shear  curve,  in  which  ?/j,  y.^ 
are  any  two  consecutive  ordinates,  all  of 
which  are  spaced  equally.  By  construc- 
tion, make  y^  =:z  m   {y^  —  y.,). 

Then  y^=  n  {y^ — y.,)  ~  (constant)  =  n  {y^ — y.,)  -|-  (space  passed  over) 

Therefore,  y^  [x^  —  •'^2)— ~  =  ^i  —  ^h-      But,  jy'  {x^  —  .^2)  =  area 

between  the  curve  and  the  axis,  which  represents  the  load  passed 
over.  Consequently,  the  first  curve  is  a  shear  curve  for  the  second 
curve  as  a  load  curve;  and  conversely. 

Moment,  shear,  and  load-line  curves  were  constructed  in  this  way 
from  the  approximate  deflection  curves  observed,  and  the  load  curves 
thus  obtained  afforded  in  some  crude  manner  the  information  sought. 

That  the  load  is  over  only  the  lower  half  of  the  box,  is  shown  by 
Fig.  11,  and  its  practically  uniform  variation  is  revealed.  Fig.  12 
shows  that  immediately  after  the  fill  was  comijleted  the  pressure  ex- 
tended throughout  the  full  height  of  the  box,  and  tends  to  show  its 
approximately  uniform  variation.  Furthermore,  it  has  the  slight 
curve  near  the  surface  found  by  Steel  (see  Fig.  5),  and  by  the  writer 
in  his  first-described  experiment  (see  Fig.  9).  The  thaw  which  oc- 
curred between  the  second  and  third  observations  appears  to  have 
loosened  the  surface  materials  and  to  have  brought  into  play  an  in- 
creased pressure  at  the  upper  levels  (see  Fig.  13).  A  week  later  the 
point  of  greatest  jjressure  seems  to  have  worked  downward  (Fig.  14), 
and,  after  another  interval,  appears  to  have  dropjjed  lower  still  (Fig. 
15).  In  each  of  these  three  observations  the  local  pressure  was  suf- 
ficient to  relieve  the  plank  from  all  strains,  except  in  close  proximity 
to  the  maximum  point.  After  a  final  interval  of  three  months,  the 
load  curve  seems  to  have  resumed  its  normal  shape  (Fig.  16),  /.  e. , 
practically  uniformly  varying.  (Compare  Figs.  12  and  16.)  Of  course, 
these  deductions  could  be  only  qualitative  in  nature,  but  they  do  not 
appear  abnormal,   and  are   interesting   in  that  they  disclose  in  some 
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measure  the  phenomena  which  take  place  during  the  gradual  settle- 
ment into  place  of  a  mass  of  earth  against  a  retaining  wall,  which 
deflects  as  the  load  increases. 

In  order  to  ascertain  to  some  extent  the  amount  of  the  pressure  ex- 
erted by  the  earth  in  the  observed  cases,  a3x  10-in.  plank  was  supported 
at  points  10  ft.  apart  and  loaded  with  brick  arranged  so  as  to  form  a 
triangular  pile  with  the  apex  over  one  support.  The  loading  was  con- 
tinued, as  shown  in  Plate  XVI,  until  the  observed  deflection  equalled 
that  fouud  in  the  earth-pressure  observations.  The  weight  of  the 
brick  thus  piled  was  2  580  lbs.,  which  woiild  be  equivalent  to  a  little 
more  than  3  000  lbs.  per  foot  of  width  of  the  earth.  On  the  assumi>- 
tion  of  uniformly  varying  distribution,  this  gives  a  pressure  of  600 
lbs.  per  square  foot  at  a  depth  of  10  ft.  For  various  reasons,  this 
seems  to  be  excessive,  and  it  is  imj^robable  that  the  actual  pressure 
was  more  than  500  lbs.  The  material  which  made  up  the  fill  was  prin- 
cipally fine  beach  sand  which  weighed  about  100  lbs.  jaer  cubic  foot 
in  its  flnal  compact  condition.  This  would  show  a  lateral  pressure 
approximately  one-half  of  the  vertical  at  the  depths  tested.  This  is 
large  when  compared  with  the  observations  thus  far  described,  but, 
perhaps,  may  be  accounted  for  partly  by  the  action  of  the  tide  water, 
which  was  separated  from  the  earth  only  by  the  6-in.  sheet-piling 
which  formed  one  side  of  the  experimental  box. 

In  a  similar  manner,  an  attempt  was  made  to  ascertain  the  lateral 
pressure  exerted  by  rip-rap  under  water.  In  this  case,  the  pile  of 
stone  was  7  ft.  deep  and  came  only  to  a  jjoint  7  ft.  from  the  top  of  the 
box.  A  deflection  of  i  in.  was  observed,  and  the  weight  of  the  brick 
necessary  to  produce  an  equal  deflection  imder  a  uniformly  varying 
load  covering  an  equivalent  portion  of  a  3  x  10-in.  jjlank,  1-4  ft.  long, 
was  452  lbs.  This  would  mean  a  lateral  pressure  of  about  150  lbs.  at 
a  depth  of  7  ft.  As  the  rip-rap  (which  was  i^ractically  cobble  stone) 
weighed  about  140  lbs.  per  cubic  foot  in  air,  this  would  indicate  a 
lateral  pressure  of  slightly  more  than  one-seventh  of  the  weight  in 
air,  or,  taking  sea  water  at  64  lbs.  per  cubic  foot,  of  nearly  30^(;'  under 
water.  It  is  to  be  noted,  on  the  other  hand,  as  a  fact  within  the 
writer's  experience,  that  triangular  piles  of  rip-rap  about  14  ft.  high 
readilv  withstand  the  thrust  of  a  mass  of  earth  24 


7 

ft.  in  height  above  the  same  base  (Fig.  19).     On    ^i  Earth! 

the   assumi^tion  that  the  earth  weighed  100  lbs.      J 

per  cubic  foot  and  gave  a  lateral  thrust  of  one-  Fia.  i9 
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lialf  the  load  at  any  point,  the  total  lateral  pressure  -would  be  28  800  lbs. 
On  the  further  assumption  that  all  this  thrust  was  equilibrated  by  the 
rip-ra])  in  such  a  manner  that  its  lateral  thrust  varied  uniformly 
(which  is  a  forced  assumption),  the  maximum  value  of  this  thrust 
would  be  514  lbs.  per  square  foot,  found  at  a  depth  of  14  ft.  Much 
rip-raji  does  not  weigh  more  than  1  ton  per  cubic  yard,  or  about  83 
lbs.  per  cubic  foot.  Under  water  this  would  have  an  effective  weight 
of  only  about  20  lbs.  A  pile  14  ft.  high  would  exert  a  vertical  press- 
ure of  280  lbs.  at  its  base.  This  amount  readily  withstands  a  lateral 
thrust  of  514  lbs.  Thus,  while  the  least  ratio,  according  to  Moseley's 
principle,  was  1  to  7  for  the  rip-rap  tested,  the  greatest  ratio  may  be 
almost  2  to  1. 

Experiments  with  Testing  Machine. 

Description  of  Apparatus. — This  actual  value  of  the  ratio  of  the 
lateral  pressure  to  the  vertical  pressure  is  the  important  item  in  all 
questions  involving  earth  pressure,  and  almost  all  queries  concerning 
this  subject  can  be  answered  satisfactorily  when  this  ratio  is  known. 

Several  devices  were  constructed  by  the  writer  to  measure  this 
ratio  directly,  but,  with  one  exception,  without  success. 

It  is  an  easy  matter  to  provide  and  measure  a  vertical  pressure  ui^on 
a  mass  of  earth,  but,  in  order  to  measure  the  corresponding  lateral 
pressure,  some  measuring  instrument  must  be  devised  which  will 
register  the  j^ressure  and  at  the  same  time  allow  of  no  deformation 
under  this  pressure,  for,  the  instant  such  a  movement  occurs,  the  in- 
ternal conditions  are  altered  and  the  results  are  rendered  untrust- 
worthy. An  arching  of  the  material  will  take  place  across  any 
relatively  small  opening  formed  in  the  side  walls  of  a  containing  ves- 
sel, so  that  the  results  usually  obtained,  when  experiments  are  made 
with  siich  an  apparatus,  do  not  show  the  true  lateral  resistance 
offered  before  the  opening  was  made.  It  is  well  known  that  the  press- 
ures found  against  the  valves  of  coal  pockets  and  grain  elevators  are 
but  a  small  fraction  of  those  found  against  the  entire  sides  of  the 
pockets  and  bins. 

An  apparatus.  Fig.  20,  was  finally  devised  which,  it  was  believed, 
would  provide  against  these  difficulties.  A  cast-iron  cylinder  was 
bored  out  to  a  diameter  of  6  ins.  and  a  depth  of  5  ins.  It  had  a  strong 
base  and  walls,  and  a  plunger  was  fitted  to  it,  which  was  arranged  so 
that  it  could  be  secured  to  the  head  of  an  ordinary  testing  machine. 
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A  1-iu.  hole  was  bored  in  one  side  of  the  cylinder  near  the  bottom,  and 
a  plug  was  carefully  fitted  to  the  ;hole.  The  outside  of  the  cylinder 
was  faced  where  the  hole  was  bored,  and  the  plug  was  made  with  a 
circular  head,  the  underside  of  which  was  carefully  turned  to  set 
accurately  ui)on  the  jjlaned  portion  of  the  outside  of  the  cylinder. 
The  plug  was  just  long  enough  to  reach  through  the  wall  of  the  cylin- 
der and  be  flush  with  its  inner  face.  The  faced  portion  of  the  outside 
of  the  cylinder  was  slotted  horizontally  opposite  the  center  of  the 
1-in.  hole,  and  hard-rubber  insulation  was  carefully  fitted  in  the  slots. 
Upon  these  hard -rubber  pieces,  thin  strips  of  copper  were  secured  and 
constructed  so  that  they  could  be  connected  to  the  terminals  of  an 
electric  battery.     In  the  circuit  with  the  battery  was  also  placed  an 

CYT-INDER  FOR  DETERMINATION  OF  RATIO 
OF  LATERAL  AND  VERTICAL   PRESSURES. 


Fig.  20 
ordinary  buzzer.  When  the  plug  was  fitted  to  the  hole  and  pushed 
home,  the  underside  of  its  head  touched  the  copper  strips  on  each 
side  and  thereby  completed  an  electric  circuit,  the  sounding  of  the 
buzzer  giving  evidence  of  the  fact.  If  the  plug  was  pushed  slightly 
outward  the  circuit  was  broken  and  the  buzzer  stopped.  Experiment 
showed  that  a  movement  of  but  nifoo"  in-  was  sufficient  to  break  the 
circuit,  and  that  the  tone  given  out  by  the  buzzer  was  so  sensitive 
that  movements  apjjroximating  -5-yoo-  in-  could  be  detected  easily. 
With  movements  of  the  lateral  weighing  mechanism  no  gi'eater  than 
these,  it  is  believed  that  no  internal  changes  can  take  jjlace  which 
affect  internal  stresses  sufficiently  to  vitiate  the  results  obtained. 

The  cylinder  was  cast  with  two  lugs  upon  the  outside,  just  above 
the  plug  hole,  and  in  such  a  position  that  holes  bored  through  the 
lugs  held  a  bolt  which  served  as  a  fulcrum  for  a  bent  lever.  One  of 
the  arms  of  the  lever  was  horizontal  and  w^as  marked  somewhat  like  a 
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steelyard.  The  other  arm  bore  against  the  head  of  the  plug.  "Weights 
of  various  sizes  were  arranged  so  as  to  be  bung  on  the  horizontal  arm 
and  be  moved  along  it  as  might  be  desired.  The  weight  of  the  lever 
was  neutralized  by  means  of  a  spring  attached  to  the  free  end  of  the 
horizontal  arm  and  adjusted  so  that  it  relieved  the  head  of  the  plug 
from  all  initial  jiressure. 

Method  of  Experimentation. — In  conducting  an  experiment,  the 
cylinder  was  filled  with  the  material  to  be  tested,  to  a  point  slightly 
above  the  inner  end  of  the  plug,  and  placed  upon  the  bed  of  a  testing 
machine.  The  plunger  was  then  adjusted  under  the  head  of  the 
machine  and  brought  down  gradually  upon  the  material  in  the  cylin- 
der. About  the  time  that  contact  between  the  disc  and  the  material 
was  expected,  the  buzzer  was  put  in  operation  and  gave  forth  a  con- 
tinuous sound,  until  the  lateral  pressure  against  the  inner  end  of  the 
j)lug  was  sufficient  to  push  it  out  slightly  and  break  the  circuit.  The 
increasing  application  of  the  vertical  pressure  was  then  stopped  and 
the  location  and  value  of  the  weights  upon  the  horizontal  lever 
arm  were  noted.  The  lateral  pressure  against  the  head  of  the  plug 
was  then  carefully  increased,  by  changes  in  the  location  and  amounts 
of  weights  on  the  horizontal  arm,  until  this  external  lateral  j^ressure 
was  just  sufficient  to  press  the  plug  back  to  its  original  position  and 
thus  restore  the  electric  circuit  and  start  the  buzzer.  The  testing 
machine  was  then  again  started,  and  the  vertical  pressure  increased  until 
the  internal  lateral  pressure  was  sufficient  to  move  the  plug  outward 
and  stop  the  buzzer,  thus  completing  a  cycle  of  ojierations.  This 
series  was  repeated  until  any  desired  limit  of  vertical  pressure  had 
been  reached.  Usually,  after  such  an  increasing  series  had  been 
executed,  the  reverse  ojaeration  was  followed  through,  as  the  machine 
was  being  brought  back  to  a  zero  reading.  This  showed  the  diffei'- 
ence  in  the  action  of  the  material,  in  regard  to  its  lateral  thrust,  dur- 
ing increase  and  decrease  of  vertical  load. 

It  was  only  after  considerable  experiment  that  the  above-described 
method  of  procedure  was  decided  upon.  The  lower  curve  of  Fig.  21 
shows  a  typical  series  of  results  obtained  by  it.  For  comparison, 
there  are  also  shown  in  the  upper  curve  the  results  secured  when  the 
load  on  the  testing  machine  was  reduced  each  time,  so  as  to  start  the 
buzzer  again  after  each  new  increment  of  pressure  had  been  brought 
to  bear  on  the  head  of  the  plug,  and  the  vertical  pressure  had  been 
worked   up   to   the   point   of   stojaping  the  buzzer.     Asterisks   show 
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■where  a  new  weight  was  placed  on  the  horizontal  lever  arm,  and  are  the 
points  at  which  breaks  in  the  curve  would  be  expected  to  occur,  if  thej 
are  to  occur  at  all.  In  all  that  follows,  the  curves  given  and  described 
are  those  formed  bv  using  the  first  of  the  above-described  methods, 
and  only  the  increasing  series  of  readings  are  treated,  unless  expressly 
stated  to  the  contrary. 

Discussion  of  Results. — While  many  questions  arise,  concerning 
the  reliability  of  the  results  ol)taiued  and  their  proper  interpreta- 
tion, several  points  seem  to  be  brought  out  fairly  well  by  the  obser- 
vations. 

The  effect  of  repeated  applications  of  pressure  without  loosening 
up  the  earth  between  such  repetitions  is  shown  in  Fig.  22.  It  is  to  be 
observed  that  in  dry  materials  the  curves  usually  remain  practically 
straight  lines,  diffei'ing  only  in  slope  and  always  stai'ting  from  zero. 
In  moist  earths  the  first  application  of  pressure,  also,  usually  gave  a 
straight  line,  but  a  peculiar  permanent  set  sometimes  seemed  to  be 
encountered  in  succeeding  applications  of  pressure  during  their  ear- 
lier portions.  This  is  revealed  clearly  by  the  curve  which  forms  the 
upper  part  of  the  line  of  pressure,  in  the  30-50  sand  observation.  It 
starts  from  zero,  but  attains  the  direction  of  its  later  movement  only 
by  a  reversed  curve.  This  starting  curve  shows  that,  in  some  in- 
stances, after  the  first  application  of  vertical  pressure,  lateral  press- 
ures may  exist  which  are  larger  than  the  corresponding  vertical  ones. 
(See  Fig.  23,  which  shows  the  second  ai^plication  of  pressure  on  30-50 
sand  at  31^^  of  saturation.)  This  only  serves  to  confirm  the  observa- 
tions made  by  Darwin  with  his  model,  that  j^revious  treatment,  and, 
in  his  case,  the  direction  of  even  slight  stratification,  aftects  mate- 
rially the  amount  of  the  lateral  pressure.  This  peculiar  action  of 
moist  earth  is  of  interest  to  designers  of  quay  walls,  dock  walls,  dock 
bulkheads,  dry -dock  walls,  etc.,  who  have  to  deal  with  cases  where 
excessive  loads  must  be  borne  occasionally.  In  general,  however, 
•when  the  earth  is  not  touched  between  successive  applications  of 
pressure,  the  change  of  slojje  of  the  lines  is  such  that  the  actual 
lateral  pressure,  up  to  a  certain  limit,  is  slightly  less  with  each 
successive  application.  This  is  in  conformity  with  the  observed 
fact  that  freshly  made  fills  behind  retaining  walls  seem  to  exert 
greater  lateral  pressure  than  they  exert  after  an  interval  of  time. 
Of  course,  this  efl'ect  of  diminished  pressure  may  also  be  caused  by  a 
gradual  drying  out  of  the  fill,  and  sometimes  by  other  causes,  but  it  is 
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probable  that  rejieated  applications  of  heavy  loads,  also,  have  some 
effect. 

The  tests  of  dry  materials,  which  differed  only  in  the  size  of  the 
jiarticles,  seem  to  reveal  a  singular  increase  and  then  a  decrease  of  the 
ratio  of  lateral  to  vertical  pressure.  The  maximum  ratio  is  found  with 
30-50 sand;  that  is,  with  sand  consisting  of  particles  which  pass  through 
a  sieve  having  30  meshes  per  linear  inch,  or  900  per  square  inch,  and  are 
held  on  one  having  50  meshes  per  linear  inch,  or  2  500  per  square  inch. 
(See  Fig.  24.)  The  erratic  nature  of  the  curves  for  i-in.  and  ^-in.  gravel 
(Figs.  25  and  26),  show  primarily  that  the  size  of  the  individual  grains 
was  too  large  for  the  special  mechanism  used  to  test  them.  If,  however, 
the  first  three  observations  for  ^-in.  gravel  and  the  general  trend  of 
the  results  for  J-in.  gravel  are  used  for  comparative  purposes,  a  most 
interesting  compound  curve  is  developed.  (See  Fig.  27,  where  obser- 
vations on  rip-rap,  made  by  the  writer,  are  also  inchided  for  wider 
comparison.)  With  very  coarse  ijarticles,  such  as  rip-rap  and  coal, 
the  ratio  is  smiall,  but  increases  as  the  materials  grow  smaller,  through 
J-in.  and  ^-in.  gravel,  to  the  coarsest  sand.  When  the  particles  range 
in  size  from  those  which  will  just  pass  a  sieve  with  20  meshes  to  the 
inch  to  those  which  will  just  be  held  by  a  sieve  with  50  meshes  to 
the  inch,  the  ratio  reaches  a  maximum.  As  the  particles  diminish  in 
size  still  further,  whether  they  are  uniform  or  vary  so  that  the  mass 
contains  large  and  small  grains,  with  an  appreciable  percentage  of  the 
latter,  the  ratio  diminishes.  In  Fig.  27  are  plotted  the  ratios  observed 
at  6  000  lbs.  per  square  foot  vertical  j^ressure,  for  all  the  sizes  of 
grains  tested.  The  curve  thus  formed  seems  to  start  from  zero  and 
increase  rapidly  to  a  maximum,  then  diminish  and,  finally,  with  a 
change  in  curvature,  go  out  to  infinity  along  one  axis  as  an  asymptote. 
This  makes  a  curve  astonishingly  like  the  lituus  shown  in  the  same 
figure,  but  no  relation  is  apparent  between  the  equation  of  the  lituus- 
and  the  conditions  involved  in  this  problem.  A  little  consideration, 
however,  shows  that  this  curve  does  rejaresent  about  what  is  to  be 
expected.  In  masses  formed  of  very  large  jjieces  there  is  usually  little 
lateral  jsressure,  and  when  the  number  of  particles  per  inch  ap- 
proaches zero,  that  is,  when  the  pieces  combine  in  a  single  block  of 
stone,  the  lateral  pressure,  of  course,  is  zero.  It  is  evident,  at  the 
other  extreme,  that,  as  the  size  of  the  granules  grows  smaller  until 
thev  become  microscopic,  constantly  increasing  cohesive  molecular 
forces  will  come  into  play,  so  that,  with  particles  of  molecular  dimen- 
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sions,  the  mass  lias  become  again  one  solid  block  through  cohesion, 
and  can  exert  no  lateral  pressure  of  the  variety  studied  herein.  Baker's 
results  also  confirm  the  conclusion  stated  above,  to  some  extent. 

Concerning  the  effect  of  moisture  upon  the  ratio  of  lateral  to  ver- 
tical pressure,  an  even  more  surprising  j^henomenon  is  observed. 
See  Figs.  28,  29,  and  30.  For  each  class  of  material,  four  curves  or 
parts  of  curves  are  there  shown,  which  represent  the  lateral  pressures 
observed  at  different  percentages  of  saturation,  under  vertical  press- 
ures of  2  500,  5  000,  7  500  and  10  000  lbs.  per  square  foot.  Beginning 
with  the  lowest  one  and  counting  upward,  the  curves  are  for  these 
pressures,  resjiectively.  In  these  diagrams  the  actual  observations 
made  are  shown  by  the  small  circles.  The  full-line  curves  show  the 
probable  course  of  the  phenomena  between  the  actual  observations, 
while  the  dashed  lines  show  the  possible  remaining  portions  of  these 
curves,  as  the  writer  believes  they  would  be.  While  not  absolutely 
jiroven,  the  results  seem  to  indicate  that,  in  all  the  cases  tested,  a 
curve  similar  to  the  one  for  50-100  quicksand  is  to  be  expected,  and  that 
the  latter  may  be  considered  as  a  typical  one.  In  this  cui-\^e  are  to  be 
found  two  minima  and  one  maximum.  Starting  with  a  given  ratio 
for  dry  sand,  the  ratio  decreases  at  first  with  increasing  saturation, 
then  increases  sometimes  beyond  the  starting  value,  only  to  decrease 
again  nearly  as  low  as  in  the  first  minimum,  and  finally  to  increase  up 
to  a  final  medium  value.  This  is  not  quite  in  accord  with  the  curve 
given  by  Wilson,  but  his  observations  covered  only  two  percentages  of 
saturation,  aside  from  the  dry  and  practically  saturated,  so  that  it  is 
still  possible  that  a  curve  of  the  form  found  by  the  writer  may  be 
drawn  through  the  values  found  by  him.  This  is  showTi  in  the  dia- 
gram at  the  right  of  Fig.  30.  Steel's  results  are  not  of  a  nature  to 
afford  deductions  as  to  this  matter.  On  the  other  hand,  the  last  de- 
duction made  by  Wilson  is  borne  out  by  the  writer's  work,  as  the  ratio 
of  lateral  to  vertical  pressure  was  found  by  both  observers  to  increase 
with  increase  of  pressure.     (Compare  Table  1  with  Fig.  6.) 

These  curves  for  varying  percentages  of  moisture  may  be  repre- 
sented by  equations  of  the  form, 

;t/  =  a  -\-  b  X  +  c  x^  -\-  d  x^  +  e  x*, 

in  which  the  coefficients  may  be  determined  for  any  given  set  of 
observations,  but  such  determinations  are  tedious  and  the  resulting 
quantities  indicate  nothing  as  to  the  questions  naturally  arising.     The 
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equation  wliich  will  give  practically  the  curve  for  50-100  quicksand 
under  a  pressure  of  10  000  lbs.  per  square  foot  (see  tlie  ujjper  left-Land 
curve  in  Fig.  29),  is 

y  =  0.00001056  .c'  —  0.01G754  x^  +  1.4056  .<?  +  16.28  x  +  42, 
in  terms  of  hundreds  of  pounds  vertical  pressure,  measured  along  tlie 
axis  of  y,  and  percentages  of  saturation,  along  the  axis  of  x. 

Why  the  equation  should  be  of  this  form  is  not  obvious,  but  a  pos- 
sible explanation  of  the  shajie  of  this  typical  curve  may  be  made.  It 
is  well  known  that  with  slight  additions  of  moisture  the  cohesion 
between  the  particles  of  earth  is  increased  greatly,  and  hence  the  ratio 
of  vertical  to  lateral  pressure  would  probably  decrease  down  to  some 
limit.     (See  Fig.  31.) 

It  is  well  known,  however,  that,  long 
bafore  the  moisture  would  fill  all  the 
voids,  some  change  takes  place  to  reduce 
the  cohesion  and  hence  increase  the  ratio 
of  vertical  to  lateral  pressure.  (See  Fig. 
S2.)  At  the  other  extreme,  it  is  well 
linown  that  considerable  water  makes  an 
excellent  lubricant  between  polished  sur- 
faces of  stone,  and  that  the  friction  in- 
creases with  decrease  of  water.  As  the 
friction  would  increase,  the  cohesion 
would  increase  and  the  ratio  of  the  verti- 
cal to  the  lateral  pressure  would  decrease. 
(See  Fig.  33.)  Experience,  however, 
teaches  that  when  the  amount  of  moisture 
is  very  small,  the  friction  is  also  small 
and,  similarly,  the  ratio  of  vertical  to 
lateral  pressure  would  be  relatively  larger.  (See  Fig.  34.)  The  curves 
produced  by  these  two  causes  might  coincide,  for  aught  one  can  see, 
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Fig.  32 


Percentage  of  Satur.ition 
Fig.  33. 


Percentage  of  Saturation  100 

Fig.  34 


o 

\ 

/ 

o 

1 

\ 

^ 

^ 

V,^               y 

// 

0 

Percunta^  of  Saturati 

Fig.  35 

on 

100 

LATERAL   EAKTH    PRESSUKES.  291 

l)ut  the  oxperimeuts  seem  to  show  that 
they  do  uot,  bnt  form  the  donble  curve 
actually  observed.  (See  Figs.  35  aud  36.) 
Inspection  of  the  various  saturation 
curves,  further,  shows  that  the  effect 
of  the  moisture  is  more  marked  under 
lieavy  vertical  pressures  than  under 
lesser  ones. 

The  large  ratios  found  for  20-30  and  30-50  sand  are  suprising,  and 
would  be  ojjen  to  more  doubt,  but  for  the  singular  regularity  of  the 
curve  of  Fig.  27.  Perhaps,  however,  this  is  only  an  accident.  Com- 
parison of  the  curves  for  50-100  bank  sand  and  50-100  quicksand 
reveals  great  similarity,  and  suggests  that  it  is  the  fine  particles  only 
of  quicksand  which  give  it  its  i^eculiar  qualities.  The  curves  for 
100-up  quicksand  do  not  show  a  well-marked  second  minimum,  but 
do  show  a  fairly  constant  increase  of  lateral  i:)ressure,  up  to  satura- 
tion. At  this  saturation  point,  the  lateral  pressure  is  larger  than  for 
materials  of  any  other  size,  except  the  surprising  30-50  sand  and 
the  clay.  Experience  would  lead  one  to  expect  a  relatively  high 
lateral  pressure  for  the  latter  material,  especially  when  saturated. 
But,  in  the  quicksand,  even  with  the  relatively  high  lateral  pressures 
at  saturation,  they  do  not  approach  nearer  than  about  50^  of  the 
vertical  ones  w^hen  the  water  of  saturation  is  confined  with  the  sand, 
as  occurred  in  the  model  during  the  test,  and  these  lateral  pressures 
are  much  less  when  the  water  is  drained  away  to  some  extent,  that  is, 
when  the  sand  is  not  saturated.  Therefore,  it  would  seem  that  those 
designers  who  are  iTsing  a  ratio  of  one  (a  "  hydrostatic  "  ratio)  in  de- 
signing retaining  walls  where  quicksand  is  encountered  are  usiug 
excessive  assumi)tions.  Apparently,  at  least  in  part,  the  peculiar 
nature  of  quicksand  inheres  in  its  extreme  fineness.  More  than  80^^ 
of  the  sample  from  the  Brooklyn  Navy  Yard  tested  by  the  writer 
passed  a  standard  No.  100  sieve.  This  projjerty  makes  it  practically 
impossible  to  confine  it.  It  will  flow,  when  saturated,  wherever  water 
does.  Furthermore,  it  is  doubtful  if  the  large  pressures  sometimes 
attributed  to  quicksand  are  really  more  than  those  actually  prodiiced 
ty  the  water  saturating  the  sand.  The  problem  of  the  designer, 
dealing  with  qiiicksand,  is  only,  then,  to  impound  completely  the 
water  which  the  sand  contains,  and  in  accomplishing  this  he  need 
deal  with  no  i^ressures  except  the  hydrostatic  ones. 
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The  bigli  lateral  pressures  foiiud  in  absolutely  dry  sand  made  up 
-of  coarse  grains  are  of  no  importance  to  designers,  as  such  materials 
are  never  encountered  in  practical  experience,  and  no  materials  are 
found  in  a  loose,  dry  state.  Whenever  earth  dries  out  completely, 
the  particles  are  cemented  together  into  a  fairly  rigid  mass  by  the 
•evaporation  of  the  moisture  which  the  earth  contained  and  the 
deposition  of  the  solids  which  were  held  in  solution  iu  it.  It  then 
•exerts  little  lateral  pressure,  or  none  at  all. 

With  the  usual  factors  of  safety  for  engineering  structures,  it  is 
not  necessary  to  allow  for  the  maximum  lateral  pressures  observed  for 
any  kind  of  material,  but  a  selected  average  value  can  be  used  with- 
out dangerous  error.  Such  an  average,  when  selected  carefully,  will 
give  results  within  the  range  of  variation  due  to  other  causes.  Table  1 
1  shows  such  values,  collated  from  all  the  foregoing  data,  and  also 
shows  the  jjercentage  which  the  maximum  and  the  minimum  probable 
values  will  differ  from  this  average. 

The  observations  of  the  writer  upon  his  3-ft.  model  with  bank  sand 
are  omitted  purposely,  as  the  results,  evidently,  Avere  influenced  by 
the  small  size  of  the  model.  It  is  doubtful  whether  models  less  than 
a  or  10  ft.  in  least  dimension  will  ever  aftbrd  trustworthy  results, 
except  with  perfectly  dry  materials. 

The  ratio  found  for  rip-rap  by  the  writer  agrees  fairly  well  Avith  the 
ratio  deduced  from  Baker's  pajaer  for  materials  of  somewhat  similar 
character.  The  values  for  gravel  and  cinders  also  have  fair  Tiniformity. 
The  unexplained  decrease  of  the  ratio  with  increased  fineness  of 
material  is  again  noticeable  in  Table  1,  as  well  as  the  facts  that, 
with  coarse  materials,  the  ratio  is  i)ractically  constant,  whatever  the 
pres.sure,  and  that  when  the  material  is  fine  in  texture  it  increases  with 
the  pressure.  Perhaps  the  latter  fact  can  be  explained  partly  by  the 
increased  comi^ressibility  of  the  finer  materials,  and,  consequently,  the 
increased  internal  friction  which  would  be  expected  when  the  jjarticles 
Are  close  together. 

The  low  ratios  of  0.10  and  0.07,  for  bank  sand,  found  by  the  writer, 
■with  the  cylinder  and  the  model,  do  not  accord  well  with  those  of  0.26, 
0.H3  and  0.50  found  by  Steel  for  earth  and  Wilson  for  sand,  and  by  the 
writer  for  bank  sand  in  the  retaining- wall  experiments.  The  values  of 
O.07,  0.10,  0.15,  0.26,  0.33  and  0.50,  made  up  of  those  mentioned,  to- 
gether with  one  of  Baker's  for  earth,  show  conclusively,  however,  that 
general  average  cannot  be  determined  which  will  not  be  subject  to  a 
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possible  50%  error,  and  that  for  a  close  design  one  must  examine  care- 
fully the  kind  of  material,  and  ascertain,  as  well,  its  degree  of  satura- 
tion and  its  previous  treatment.  After  the  determination  of  these 
points,  reference  would  best  be  made  to  the  curves  of  Figs.  28,  29,  and 
30.  Baker's  maximum  ratio  for  clay  is  practically  the  same  as  the 
writer's  minimum,  and,  because  of  the  character  of  the  observations, 
the  agreement  can  be  said  to  be  good. 

For  almost  all  jDurposes,  the  ratios  in  the  column  headed  2  500  lbs. 
will  be  the  ones  to  be  used,  because,  with  earths  of  common  density, 
such  a  pressure  would  be  found  at  depths  of  about  25  ft. 

From  the  data  in  Table  1,  it  is  evident  that  a  ratio  of  40  :  100  is 
ample  for  all  but  exceptional  cases,  and  that,  where  conditions  can  he 
regulated,  a  ratio  of  still  smaller  size  can  be  used.  The  actual  relation 
which  the  use  of  this  ratio  bears  to  common  practice  is  shown  clearly 
by  Fig.  37. 

Let  a  wall  h  feet  high    and    b   feet  . 
thick,  weighing  150  lbs.  per  cubic  foot, 
be  made  to  su^jport  a  uniformly  vary- 
ing earth  pressure  wherein  the  lateral  /^ 
thrust   is   four-tenths  of  the  vertical.  ,  . 
Let  this  be  due  simply  to  the  weight  of  |  h 
the  earth,  which  is  taken  at  100  lbs.  |  | 
per  cubic  foot.     The  usual  rule  is  fol- 
lowed, of  applying  the  resultant   lat- 
eral thrust  at  one-third  the  height  of  the  wall  from  its  base,  and  of 
allowing  the  resultant  of  the  pressures  to  cut  the  base  at  the  edge  of 

its  "  middle  third." 

4        ion  h      ,       on  7  2 
Then,  lateral  pressure  =  -j^  X  — ^-   X  li  =  ly)  n  ; 

Total  weight  of  wall  =  150  /;  h. 


Then, 


20  h^  :  150  h  h 


6 


h. 


h'  = 


150 


b^h. 


20 

4  Jr  =  15  b'-, 

b^h       A  =  0.484 /«  ^- f^ 
Nj  15  ^ 

Traut wine*  gives  0.5  as  the  relative  thickness  for  walls  of  "  well- 

scabbled  dry  rubble,"  with  ratios  of  0.4  and  0.35  of  the  height  for 

*  Engineer's  Pocket-Book,  18th  ed.,  p.  603. 


,  ajiproximately. 
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breadth  of  walls  of  "  good  common  scabbled  mortar-iiibble,  or  brick" 
and  of  "cut-stone,  or  of  tirst-class  large  ranged  rubble,  in  mortar," 
respectively.  These  ratios  tend  to  show  that  common  i^ractice  either 
does  not  limit  the  resultant  to  the  ''  middle  third,"  or  assumes  a  ratio 
of  lateral  to  vertical  pressure  less  than  0.4. 

Point  of  Application  of  Resultant. 
The  lateral  pressures  obtained  by  Steel,  and  several  of  the  writer's 
results,  show  a  departure  from  uniform  variation  of  which  a  few  author- 
ities try  to  take  account.  Where  the  curves  are  straight  lines  starting 
from  zero,  the  resultant  would  be  applied,  theoretically,  at  a  point 
one-third  of  the  height  of  the  plane  of  pressure  above  its  bottom. 
Where  the  curves  are  concave  upward,  as  in  the  second  and  third  ap- 
lications  of  load  to  the  |-in.  gravel,  and  the  first  observations  on  20-30 
sand  (see  Fig.  22),  the  resultant  would  be  found  below  the  one-third 
point.  This  condition  is  rarely  met,  and  may  be  neglected.  In  many 
cases,  however,  the  curve  is  convex  upward,  and  the  resultant  would 
actually  be  located  above  the  one-third  point.  This  is  on  the  danger 
side,  if  the  common  i-ule  is  followed,  of  basing  computations  on  the 
assumption  of  its  being  apjilied  at  the  one-third  point.  While  the 
reliability  of  the  curves  here  shown  is  rather  small,  in  many  cases,  still 
an  investigation  of  them  along  this  line  will  prove  of  interest.  In  the 
following-named  curves,  the  location  of  the  resultant  is  as  indicated : 

Fraction  of  height 
above  bottom  at 
wliich    resultant 
Figure.  is  applied. 

3 0.40 

4 0.39 

5 0.38 

9 0.38 

12 0.40 

16 0.39 

This  would  tend  to  show  that  a  much  safer  practice,  in  walls 
from  6  to  10  ft.  high,  would  ba  to  assume  that  the  resultant  is 
applied  at  a  point  four-tenths  of  the  height  from  the  bottom,  in 
place  of  one-third,  as  is  usually  done  at  present.  The  difference 
between  these  two  assumptions  involves  the  stability  of  structures 
to  the  extent  of  20  per  cent.  With  walls  less  than  6  ft.  high,  the  re- 
sultant should  be  applied  still  higher;  while,  with  walls  more  than  10 
ft.  high,  the  point  of  application  will  approach  the  one-third  point 
more  and  more  as  the  height  of  wall  increases. 
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Inteenax,  Fkiction  Angle. 

Accordiag  to  Rankine*,  the  ratio  of  the  vertical  and  lateral  press- 
ures i-;  expressed  by  the  ratio, 

1  —  sin.  0 
1  +  sin.  4> 

in  which  </>  is  the  limiting  angle  of  internal  friction  at  any  point.     If 

the  ratio  is  known,  the  angle  can  be  computed  from  the  formula, 

\—r 

sin.  d)  =  q . 

1  4-  r 

Having  found  the  sine  of  the  angle,  its  tangent  can  be  found  easily  in 

any  table  of  natural  functions. 

Table  1  shows  that  the  ratio  varies  with  the  pressure,  in  many 
cases,  and,  consequently,  the  limiting  angle  of  friction  must  vary  ac- 
cordingly. Similarly,  this  limiting  angle  of  internal  friction  is  certain 
to  differ  in  most  cases  from  that  of  the  angle  of  the  natural  slope  of 
the  free  surface  of  the  material. 

This  angle  of  slope  was  determined  carefully  for  bank  sand  of  vary- 
ing percentages  of  saturation,  by  dropping  it  carefully  from  a  given 
height  (of  a  few  inches)  so  that  it  would  form  a  cone,  and  then  meas- 
uring the  altitude  and  average  diameter  of  the  base  of  this  cone,  and 
computing  the  tangent  of  the  angle  of  surface  slope.  The  results 
thus  obtained  are  shown  in  the  curve  at  the  left  of  Fig.  38.  For  pur- 
poses of  comparison,  the  tangent  of  the  limiting  angles  of  internal 
friction,  in  the  case 
of  50-100  quicksand, 
were  computed  from 
the  formula,  and  in 
the  manner  described 
above,  and  are  shown 
in  the  other  curves  of 
Fig.  38.  It  is  some, 
-what  surprising  to 
find  the  same  type  of 
curve    with    a    maxi- 

0  ::o         40        60         8U 

mum  and  two  minima  ^i^-  38 

in  the  case  of  the  surface  angle,  but  its  nature  is  evident  and  also  its 
general  similarity  to  the  curves  of  the  computed  tangents. 
*  Civil  Engineering,  19th  ed.,  p.  319. 
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MODEL  FOR  DETERMINATION  OF 

COEFFICIENT  OF  INTERNAL 

FRICTION. 


The  actual  surface  slope  of  the  bank  sand  tested,  in  connection  with 
the  retaining  wall,  was  also  found  on  the  occasion  of  a  sliiJ  which  oc- 
curred. The  slope  under  water  was  1  to  2,  and  above  water  level  1 
to  1.  The  surface  slopes  of  the  samples  of  cinders,  gravel,  etc.,  ex- 
perimented with  were  also  determined,  and  are  given  later. 

A  series  of  experiments  was  also  carried  out  to  determine  the  actual 
tangent  of  the  limiting  angle  of  internal  friction  for  various  earths. 
That  it  varies  with  the  pressure,  is  shown  readily  by  constructing 
two  boxes  without  tops  and  of  the  same  dimensions  except  the  depths, 
Avhich  must  diflfer.  Fill  both  with  sand  and  put  one  above  the  other 
with  the  open  tops  together,  then  tilt  the  under  one  until  the  upper 
one  just  slides,  and  then  repeat  the  operation  with  the  boxes  reversed. 
A  marked  difference  in  the  angle  of  sliding  will  be  observed  with 
damja  sand,  even  with  boxes  but  2  and  3  ins.  deep. 

Qaantitative  experiments  of  this  character  were  carried  out  by 
building  two  boxes,  1  ft.  in  each  internal  dimension,  but  without 
tops  and  only  one  with  a  bottom.  (See 
Fig.  39.)  The  latter  box  was  fastened  to 
the  edge  of  a  high  platform  and  had  a  pul- 
ley attached  to  it,  and  arranged  so  that  a 
line  would  lead  from  the  other  box  when 
placed  on  toj^  of  the  first,  over  the  pulley 
to  a  scale-pan  upon  which  known  weights 
could  be  placed.  The  two  boxes  were  placed 
in  position,  and  the  weight  which  would 
just  move  the  upper  one  over  the  fixed  one 
when  empty  was  ascertained.  The  coeffi- 
cient of  friction  of  the  pulley  was  also 
determined  for  different  loads,  and  the 
results  were  used  to  correct  the  later  observations. 

In  conducting  an  experiment,  the  two  boxes  were  filled  with  the 
earth  to  be  tested  and  enough  weights  added  to  the  scale-pan  to  start 
the  upper  box  to  sliding.  It  was  then  checked  and  jacked  back  into 
position  and  a  loose  top  placed  on  the  upper  surface  of  the  earth  and 
known  weights  piled  on  this  top.  Weights  were  then  added  to  the 
scale-pan  until  sliding  again  just  took  i^lace.  This  operation  was  re- 
peated with  increasing  weights  on  the  earth,  until,  for  various  practi- 
cal reasons,  it  became  impossible  to  carry  the  operation  farther. 


Fig.  m 
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Fig.  40  gives  the  actual  results  obtained,  and,  for  comparison  with 
previous  results,  Fig.  41  shows  the  results  of  the  observations  reduced 
so  as  to  give  the  lateral  pressures  for  various  loads.  The  writer's 
observations  with  the  3-ft.  model  are  inserted,  for  further  compari- 
son. Figs.  42,  43,  44  show  the  relation  between  the  lateral  pressures 
comj^uted  from  the  friction  experiments  and  those  observed  directly 
with  the  cylinder.  They  show  conclusively  that  Eankine's  theory  of 
conjugate  pressures  is  correct  when  the  proper  angle  of  friction  is 
used. 


CURVES  (5^  ACTUAL  INTETJMAL  FRICTLON. 


CURVES  OF  FRICTION  EXPERIMENTS 

REDUCED  TO  SHOW  LATERAL 

PRESSURES. 
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The  relation  between  the  angle  of  surface  slope  and  the  angle  of 
internal  friction  in  one  instance  is  shown  in  Fig.  45.  The  dashes 
show  the  possible  connecting  curves  between  those  of  the  internal 
friction  angles  and  the  points  locating  the  tangents  of  angles  of  sur- 
face slope.  It  would  appear  from  this  figure,  and  from  the  curves  of 
Figs.  42,  43,  and  44,  that  some  relation  exists  between  the  angles  of 
surfftce  slope  and  of  internal  friction.  This  relation  is  shown  in  Fig. 
46,  where  the  dry-sand  curve  of  Fig.  45,  slightly  altered,  is  reproduced. 
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(Curve  ^-1.)  Both  curves  of  Fig.  45  are  also  drawn  to  one-tenth  the  hori- 
zontal scale  there  shown,  with  further  observations  inserted.  (Curves 
B  and  C)  The  drv-sand  curve  is  also  again  drawn  to  one  one-hundredtli 
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of  that  scale  horizontally,  with  still  further  observations  inserted. 
(Curve  D.)  For  all  ftractical  purposes,  the  curve  may  be  considered  as. 
a  nearly  straight  line  composed  of  the  right-hand  main  portion  of  the 
curve,  and  the  dotted  curve  connecting  the  starting  point  with  this, 
main  jiortion.     The  sharp  drop  to  the  minimum  is  of  no  consequence^ 
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as  it  occurs  iu  the  fii-st  foot  or  two  of  depth.  In  this  special  case,  for 
■depths  down  to  about  6  ft.,  the  tangent  of  the  angle  of  internal  fric- 
tion may  be  considered  as  that  of  the  angle  of  surface  slope.     Below 

CURVES  SHOWING  TANGENTS  OF  ANGLES  OF  SURFACE  SLOPE 
AND  OF  INTERNAL  FRICTION  ANGLES  NEAR  SURFACE. 
Surface  observational 
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curves  showing  tangents  of  angles  of  internal  friction. 
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Fig.  40 

'Git.,  however,  the  angle  of  internal  friction  falls  off,  at  first  rapidly, 
then  more  and  more  slowly.  The  determination  of  an  analytical 
■curve  of  similar  shape  can  be  of  no  practical  value,  as  will  be  shown 
directly. 
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TABLE  2 — Angles  of  Inteknal  Friction  and  of  Stjkface  Slope 
FOR  Different  Materials. 


Ratio  of  lat- 
eral to  ver- 
tical press- 
ure. 


Kind  of  material. 


Percentage. ; 
10 


Observer. 


I  \  Coal,  shingle,  ballast,  etc.  Baker  — 

i  I  Bank  sand Goodrich  . 

i  Rip-rap Goodrich  . 

•    )  Earth Baker 

(v,  I  100-up  quicksand (ioodrich  . 

"•^ 1  Clay Baker  .... 

'  50-100  quicksand Goodrich. 


15, 


25. 


Earth Steel. . . 

Bank  sand Wilson 


35  I  j  50-100  sand.. 

)  Bank  sand  . . 

(Clay 

40 I  Cinders 

( 14-in.  gravel. 
5Q  I  >4-in.  gravel., 

■■  •  ■    I  Bank  sand  . . 

(50 .30-50  sand  . . . 

70 i    20-30  sand... 


Goodrich  , 


Tang  e  n  t| 
of  angle  Tangent     of 
of  inter-    angle  of  sur- 
nal  f ric-   face  .>ilope. 
tion. 


1.423 

1.423 

1.097 
1.0SI7 
0.895 
0.895 
0.750 

0.750 

0.750 
0.622 
0.549 
0.549 
0.474 
0.474 
0.474 
0.350 
0.350 
0.258 
0.179 


1.11  to  0.70Rankine. 
1.45  "   0. GO  Goodrich. 


Obsei"ver. 


1.00 
0.75 
1.00 
0.66 


0.67 
0.38 


1.00 

Rankine. 

I  0.66 

10.58 

0.58  to  0.62 

Trautwine. 

Steel. 

Wilson. 

0.85 

0.75  to  0.38 

1.00 

0.86 

0  66 

0.85 

0.75  to  0.38 

0.66 

0.75  to  0.38 


Trautwine. 
Rankine. 
Goodrich. 
Trautwine. 


Goodrich. 

Rankine. 

Rankine. 

Goodrich. 

Trautwine. 

Goodiich. 

Rankine. 

Goodrich. 

Rankine. 


Table  2  gives  various  ratios  of  lateral  to  vertical  pressure,  the 
materials  with  which  the  experiments  were  made,  and  the  computed 
tangent  of  the  limiting  angle  of  internal  friction.  The  tangents  of 
angles  of  usual  surface  slope  are  also  included,  but  the  relation  be- 
tween these  two  angles  is  shown  more  clearly  in  Fig.  47. 

DIAGRAM  SHOWING  RELATION  OF  TANGENTS  OF  ANGLES  OF  SURFACE  SLOPE 
AND  OF  INTERNAL  FRICTION. 


Fig.  47 
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With  tlie  exception  of  rip-rai)  and  clay  (the  particles  of  tlie  one 
being  j^erhaps  too  large  and  of  the  other  too  small),  all  the  surface 
slopes  tend  toward  such  as  have  tangents  between  0.50  and  1.00,  irre- 
spective of  the  angles  of  internal  friction.  This  would  tend  to  prove 
that  practically  the  same  laws  of  rolling  friction  exist  for  materials  of 
different -sized  particles  and  degrees  of  saturation,  while  the  laws  of 
internal  friction  depend  more  intimately  upon,  and  vary  with,  the 
size  of  the  particles  and  the  percentage  of  their  saturation.  Con- 
sequently, designers  must  look  to  the  angle  of  internal  friction  and 
not  to  that  of  the  surface  slope  to  furnish  them  with  data  for  their 
computations.  These  vary  considerably,  under  different  circumstan- 
ces, and  no  genei'al  rule  can  be  laid  down. 

Compressibility  of  Solls. 

Tests  of  the  compressibility  of  various  soils  were  also  made,  but 
they  revealed  only  the  facts  :  [a]  that  the  layers  immediately  beneath 
the  compressing  disc  were  much  more  compressed  than  the  more  dis- 
tant ones;  (6)  that  a  sort  of  compressed  cone  formed  under  the  com- 
pressing disc;  (c)  that  an  appreciable  percentage  of  compression  took 
place  only  with  excessive  loads  which  would  correspond  to  great 
depths  below  the  surface;  {d)  that,  under  extreme  pressures,  garden 
earth  and  sand  showed  quite  an  elastic  reaction,  the  former  showing 
the  more,  and  (e)  that  clay,  even  when  showing  but  a  small  quantity 
of  water  present,  would  "crawl"  and  relieve  the  in-essure  by  squeez- 
ing through  the  smallest  openings  in  long  threads  or  sheets. 

Recapitulation. 

More  experimental  data  of  a  practical  variety  should  be  secured, 
as  the  subject  of  pressures  in  earth  is  one  ui^on  which  the  whole 
scientific  design  of  the  foundations  of  engineering  structures  de- 
pends. 

It  is  believed  that  the  scientist  can  work  along  the  lines  described 
herein  with  a  more  or  less  clear  perception  of  the  following  facts  or 
conclusions,  herein  first  deduced,  or  here  brought  out  in  confirma- 
tion of  what  experience  has  already  taught: 

1. — Repeated  applications  of  pressure  to  earths  in  general  develop 
diminishing  lateral  reactions. 


LATEKAL    EARTH    PUESSL'KES.  303 

2. — In  moist  earths  the  first  large  ai)plication  of  pressure  is  likely 
to  produce  a  permanent  set  which  exerts  excessive  lateral  thrusts  at 
low  repetitions  of  pressure. 

3. — The  lateral  thrust  in  dry  materials  which  differ  only  in  size  of 
particle  varies  as  the  ordinates  to  a  lituus. 

4. — The  lateral  thrust,  in  materials  which  differ  only  in  the  per- 
centage of  saturation,  varies  as  the  ordinates  to  a  curve  of  the  fourth 
degree,  possessing  two  minima  and  one  maximum  between  0  and 
100%*  of  saturation. 

5. — Some  explanation  of  the  lituus  curve  may  be  obtained  from  the 
relation  of  molecular  foi'ces  to  the  size  of  the  granules. 

6. — Some  explanation  of  the  curve  of  the  fourth  degree  maybe 
obtained  from  the  phenomena  of  adhesion  between  water  and  particles 
of  earth,  together  with  capillary  action,  and  of  the  friction  between 
two  faces  of  rock  with  water  as  a  lubricator. 

7. — The  effect  of  moisture  is  more  marked  at  heavy  vertical  press- 
ures than  at  lesser  ones. 

8. — The  peculiar  nature  of  quicksand  inheres,  in  j^art  at  least,  in 
the  size  of  its  particles,  and  the  curves  of  the  fine  portion  do  not  pos- 
sess the  maximum  to  be  found  with  particles  of  larger  sizes. 

9. — Clay,  which  possesses  still  smaller  particles,  has  a  higher  rela- 
tive lateral  thrust,  but,  because  of  its  nature,  does  not  "flow,"  but 
■"crawls." 

10. — Earth-pressure  experiments,  to  be  of  practical  value,  must  be 
on  models  of  large  size,  because  of  the  effect  of  arching  action. 

11. — The  effect  of  increase  of  pressure  is  more  apparent  in  materials 
of  small  particles.  Perhaps  this  is  because  of  increased  internal 
friction.  The  greater  compressibility  of  fine  materials  results  in  a 
relatively  large  decrease  in  the  distance  between  jjarticles  and  thus  in 
increased  friction. 

12. — In  many  cases  the  resultant  of  the  pressures  on  a  ])lane  should 
be  applied  at  a  point  above  the  lower  one-third  point. 

13. — Rankine's  theory  of  conjugate  i)ressures  is  correct,  when  the 
proper  angle  of  friction  is  found,  and  probably  adaptations  of  his 
formulas  will  be  of  most  practical  value. 

14. — The  coeflicient  of  rolling  friction  of  particles  of  ditierent  sizes 
is  practically  constant,  irrespective  of  size  and  of  amount  of  moisture 
present. 
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15. — The  limiting  angle  of  internal  friction  depends  upon  the  size 
of  the  particles  and  the  degree  of  saturation  of  the  material. 

16. — In  the  loading  of  earth,  a  cone  of  compressed  material  forms 
under  the  compressing  body. 

17. — Earths,  under  certain  conditions,  reveal  elasticity. 

For  the  practical  engineer  and  the  designer  of  structures,  the  fol- 
lowing points  are  deemed  pertinent: 

1. — The  lateral  thrust  of  newly  made  lills  against  retaining  walls 
decreases  with  time  and  repeated  applications  of  the  load. 

2. — With  some  moist  earths,  a  heavy  load  will  induce  in  the  ma- 
terial a  possibility  of  the  development  of  excessive  lateral  thrusts  under 
repetitions  of  even  relatively  small  loads. 

3. — Neither  saturated  nor  loose  dry  materials  are  apt  to  exert  the 
greatest  lateral  thrust,  and,  with  slight  saturation  and  rather  moist 
conditions,  the  lateral  thrust  is  apt  to  be  relatively  small. 

4. — "When  dealing  with  quicksand,  the  problem  is  to  confine  the 
water  which  it  contains,  and  account  need  be  taken  of  pure  hydro- 
static pressures  only. 

5. — When  dealing  with  clay,  the  problem  is  to  remove  the  water 
which  it  contains  and  guard  against  the  creeping  of  the  material  under 
excessive  loads. 

6. — In  many  cases  the  resultant  of  the  lateral  pressures  on  a  plane 
should  be  applied  at  a  point  fourth-tenths  of  its  height  above  the 
bottom. 

7. — Angles  of  internal  friction  and  not  of  surface  slope  must  be 
used  in  all  formulas  which  involve  the  sliding  of  earth  over  earth. 
Such  angles,  or  the  ratio  from  which  they  may  be  computed,  are 
given  in  the  writer's  tables  and  curves. 

Acknowledgment  is  due,  especially,  to  W.  L.  Sturges,  A.  I.  E. 
E.,  for  interest  and  assistance  in  securing  data  for  the  materials 
herein  contained,  and  to  the  Brooklyn  Polytechnic  Institute  for  the 
tise  of  its  testing  machine. 
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DISCUSSION. 


M.  F.  BoNZANO,  INI.  Am.  Soc.  C.  E.  (bv  letter). — There  has  been  too  Mr.  Bonzano. 
little  investigation  of  this  important  subject,  and  it  is  gratifying  to 
liave  Mr.  Goodrich's  jjaper.     The  writer  has  for  years  looked  forward 
to  having  an  opportunity  to  make  some  investigation  Avith  a  view  of 
securing  some  reliable  data  Tipon  this  subject. 

The  writer  has  noticed  that  the  shrinkage  of  dumped  material  is  in 
the  direction  in  which  it  floAvs  when  dumped,  and  that  the  princii)al 
lines  of  jiressure  are  substantially  in  the  same  direction,  and,  as  a 
resiilt,  has  introduced  into  specifications  for  graduation  the  follow- 
ing: 

"  In  depositing  filling  material  against  abutments,  piers,  or  walls, 
it  must  always  be  dumped  away  from  masonry;  never  toward  it.  As 
the  shrinkage  of  material  is  always  in  the  direction  in  which  it  flows 
when  dumped,  especial  pains  must  always  be  taken  to  make  the 
shrinkage-thrust  away  from  masonry  structures.  When  filled  mate- 
rial is  tamped  or  rammed  after  dumping,  the  ramming  should  be  done 
by  vertical  blows." 

The  foregoing  is  quoted  from  printed  specifications  prepared  by 
the  writer,  and  is  believed  to  be  original  and  not  to  be  found  elsewhere. 
The  specifications  resulted  from  the  writer's  observations  of  the  results 
of  different  ways  of  dumping  and  handling  material,  and  such  results 
are  noted  briefly  as  follows: 

1. — A  first-class  masonry  structure  is  usually  ruined  by  being 
dumped  against  by  a  tail  dump,  the  structure  being  forced  out  of 
plumb. 

2. — A  masonry  structure,  of  inferior  and  light  design  and  of  poor 
material  and  workmanship,  will  give  astonishingly  good  results  if 
the  filling  is  deposited  back  of  it  so  as  to  flow  away  from  it  when 
dumped. 

3. — The  greater  the  shrinkage  of  the  filling  material  and  the  higher 
the  dump,  the  greater  the  force  or  pressure  due  to  flow  and  shrinkage. 

4.  — The  flow  and  shrinkage  pressures  are  greatest  in  the  longest 
layers  of  dumped  material. 

5. — The  flow  and  shrinkage  forces  are  in  the  direction  of  the  flow 
of  the  material  when  dumped. 

The  results  just  described  may  easily  be  confirmed  by  observation. 
If  an  embankment  50  ft.  high  is  made  by  dumping  from  both  sides  of 
a  trestle — no  matter  whether  the  shrinkage  of  the  material  is  small  or 
great — it  can  be  noticed  that,  after  the  embankment  is  completed, 
vertical  cracks  appear  near  the  center  line,  and  that  frequently  they 
are  quite  wide  and  extend  downward  a  great  many  feet.  If  all  the 
material  filled  back  of  an  abutment  is  dumped  so  as  to  flow  away  from 
it,  after  the  first  soaking  rain,  a  space  can  be  found  between  the  filling 
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Mr.  Bonzano.  and  the  abutment  that  varies  in  width  aj^proximately  in  jDroportion 
to  the  height  of  the  dump  and  the  coefficient  of  shrinkage  of  th& 
material. 

The  writer  doubts  the  value  of  the  data  secured  by  Mr.  Goodrich, 
and  feels  confident  that,  for  practical  use,  the  data  must  be  obtained 
by  considering  primarily  the  direction  of  flow  when  dumped,  together 
with  determining  the  coefficients  of  shrinkage.  The  writer  could  cite 
many  interesting  cases  from  which  the  foregoing  conclusions  Avere 
derived. 
Mr.  Hewes.  V.  H.  Hewes,  M.  Am.  Soc.  C.  E. — The  author's  description  of  the 
method  used  in  obtaining  the  pressure  has  given  the  speaker  an  idea 
which  it  might  be  well  to  mention,  so  that  someone  may  take  it  up, 
in  future  experiments,  and  elaborate  it. 

Taking  into  consideration  the  principle  that  carbon  changes  in 
electrical  conductivity  when  placed  under  varying  pressure,  raises 
the  point  that,  would  it  not  be  i:)ossible  to  place  a  carbon  cylinder,  or 
carbon  in  any  shape,  of  a  certain  length,  back  of  the  retaining  wall,. 
and  place  the  piece  of  carbon  in  circuit  with  a  battery  and  galvano- 
meter, and  in  that  "way  get  the  deflections  as  the  pressure  varies  on. 
the  piece  of  carbon?  The  conductivity  being  the  reciprocal  of  its 
resistance,  it  would  be  more  accurate  and  convenient  to  use  a  "  Wheat- 
stone  bridge"  to  measure  the  variations  of  resistance  due  to  changes 
of  i^ressure.  The  carbon  might  be  covered  with  a  material  which 
would  prevent  it  from  taking  up  moisture,  which  would  cause  a 
change  in  its  resistance.  Also,  the  piece  of  carbon  might  be  placed 
in  the  mass  of  the  material  itself,  and,  in  that  way,  the  resistances- 
could  be  obtained  as  the  pressure  on  the  carbon  increased.  The  ends 
of  the  carbon  could  be  exposed  to  the  mass  of  the  material,  while  the 
sides  could  be  protected  by  a  box,  from  which  the  ends  would  pro- 
trude, in  that  way  causing  the  pressure  to  come  on  the  ends  of  the 
carbon.  The  axis  of  the  carbon  could  be  placed  in  any  direction  in 
which  the  pressure  was  to  be  observed. 

It  might  also  be  easy,  in  such  cases,  to  have  two  or  three  sets  of 
carbons  placed  in  the  mass  of  the  material  to  be  tested,  and,  by  simjily 
having  a  small  switchboard,  the  experimenter  could  measure  first  on& 
circuit  and  then  another.  The  carbon  might  remain  in  for  any  length 
of  time,  and  follow  the  changes  from  month  to  month. 

It  might  be  stated  that,  in  using  the  block  of  carbon,  all  arching- 
eifects  might  be  eliminated. 
Mr.  Duuhani.  H.  F.  DuNHAM,  M.  Am.  Soc.  C.  E. — In  describing  curves  of  the 
variety  under  discussion,  a  positive  check,  or  comi^arison  with  a  pres- 
sure exactly  known,  would  be  A'aluable.  If  water  were  used  as  a  mate- 
rial for  "the  fill,"  either  in  a  cylinder  or  against  planks,  the  precise- 
pressure  could  be  determined.  The  deflection  could  be  compared 
with  that  observed  for  other  material,  or  a  curve  for  water  under  dif- 
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ferent  beads  could  be  compared  with  oue  for  silt,   quicksand  ov  wet  Mr.  Dvinham. 
clays.     It  would  be  interesting  to  know  whether  this  has  been  done. 

RoBEKT  Brewster  Stanton,  M.  Am.  Soc.  C.  E. — The  subject  of  Mr.  Stanton. 
"Lateral  Earth  Pressures"  has  been  one  of  great  interest  to  the 
speaker  for  the  past  thirty  years,  especially  in  connection  with  the 
phenomena  of  great  land  slides,  both  natural  and  artificial,  with 
which  he  has  been  specially  connected,  beginning  with  the  construc- 
tion of  the  Cincinnati  Southern  Railway  in  Tennessee  in  1874. 

The  author  of  the  paper  is  to  be  congratulated  upon  his  careful 
and  painstaking  study  of  the  subject,  from  the  technical  and  mathe- 
matical side  of  the  question;  and  all  engineers  engaged  in  public 
works,  where  such  conditions  are  encountered,  owe  him  and  other 
mathematical  investigators  a  debt  of  gratitude. 

Every  engineer  who  has  made  a  study  of  this  subject,  and  has  had 
occasion  to  apply  the  same  in  practice,  knows  full  well  the  great  value 
to  the  profession  of  all  such  scientific  discussions,  and  the  mathe- 
matical formulas  deduced  from  experiments  in  the  laboratory.  The 
speaker  has  no  intention  whatever  of  casting  any  reflection  upon  such 
mathematical  investigations,  either  pure  or  applied,  for  in  years  gone 
by  he  himself  has  been  somewhat  of  a  mathematical  gymnast,  l)ut 
he  desires  to  call  attention  to  oue  or  two  very  important  facts,  which,. 
it  would  seem,  are  almost  entirely  omitted  in  investigating  lateral 
earth  pressures  and  land-slide  phenomena. 

More  than  thirty  years'  experience  in  contact  with  actual  condi- 
tions in  Nature,  throughout  the  Rocky  Mountain  region  from  Canada 
to  Mexico,  has  convinced  the  sjjeaker  that,  in  the  construction  of  re- 
taining walls,  and  other  works  to  resist  lateral  earth  pressures,  and  in 
the  investigation  of  the  causes  of  great  land  slides,  two  most  impor- 
tant conditions  are  usually  overlooked. 

The  mathematical  formulas  are  absolutely  correct,  as  deduced 
from  the  conditions,  as  stated;  but,  how  often  are  just  such  conditions 
found  on  the  mountain  side,  in  the  reservoir,  or  in  the  great  laud 
slides  of  the  world?  The  mechanical  conditions  are  there,  and  the 
mathematically  calculated  i-esults  should  occur;  but,  how  often  are 
the  beautiful  formulas  entirely  upset  and  made  utterly  useless  by 
Nature  quietly  inserting  some  little  geological  or  chemical  coefficient 
which  has  been  entirely  neglected  in  the  calculations  ? 

Hence,  the  point  to  which  it  is  intended  to  draw  particular  atten- 
tion, is  the  dependence  of  every  such  formula  and  all  such  investiga- 
tions upon  the  "  interdeiJendence  of  all  sciences,  as  aiajjlied  to  engi- 
neering works." 

In  the  discussion  of  lateral  earth  pressures  and  the  causes  and 
effects  of  great  natural  land  slides  which  produce  such  tremendous 
lateral  jiressures,  two  other  sciences,  namely,  geology  and  chemistry, 
are  absolutely  necessary — in  addition  to  the  mathematics: — and  per- 
haps some  others  also. 
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Mr.  Stanton.  About  eight  years  ago  the  speaker  -was  employed  by  the  Canadian 
Pacitic  Railway  Company,  to  examine  and  re])ort  upon  the  great  land 
slides  on  the  Thomjjson  River,  in  British  Columbia,  and  it  is  in- 
tended now  to  give  only  a  few  facts  from  the  results  of  that  investi- 
gation, to  illustrate  the  jjoint  in  hand,  for  the  reason  that  some,  at 
least,  may  not  find  time  to  read  a  pajjer*  by  the  speaker  on  this  sub- 
ject in  which  the  peculiar  conditions  encountered  and  the  methods 
of  investigation  are  described  at  some  length. 

To  be  very  brief:  The  slides  referred  to  occurred  at  a  point  on  the 
Canadian  Pacific  Railway  about  200  miles  east  of  Vancouver,  B.  C, 
near  where  the  railway  passes  through  the  Black  Caiion  Tunnel. 
This  portion  of  the  Thompson  River  traverses  a  gorge  about  5  miles 
wide  at  the  top,  and  about  2  000  ft.  deep,  with  hills  and  higher 
ranges  rising  back  on  each  side  to  elevations  between  5  000  and  7  000 
•  ft.  Tbe  river  runs  in  an  inner  gorge.  There  is  but  little  bottom  land 
near  the  river,  the  real  banks  of  which  are  from  50  to  150  ft.  above 
low  water,  and  which  extend  upward  in  benches  and  terraces  back 
from  the  river  and  to  much  greater  heights. 

Up  to  the  time  of  the  sjjeaker's  examination  it  had  been  believed 
that  the  great  slides  wei-e  caused  by  a  seam  of  clay  on  bed-rock,  sim- 
ilar to  the  Portland  slides,  and  so  common  in  most  such  land  slides  or 
slips.  The  water  from  the  irrigation  of  farming  lands  on  the  benches 
above  (which  had  always  been  understood  as  the  direct  cause  of  the 
slides)  was  supposed  to  have  sunk  down  through  the  underlying 
material,  and,  lubricating  the  stratum  of  clay  on  bed-rock,  destroyed 
its  friction,  and  enabled  the  mass  to  slip  down  an  incline  into  the 
river,  carrying  the  railroad  embankments  and  cuts  with  it. 

As  an  explanation,  it  may  be  of  interest  to  state  that  in  this  section 
of  British  Columbia,  only  100  miles  east  of  the  Pacific  Coast,  where 
the  rainfall  at  Vancouver  attains  62  ins.,  and  at  other  points  even 
exceeds  150  ins.  per  annum,  there  is  a  country  as  hot  and  dry  as 
Arizona,  where  not  a  blade  of  grass  can  be  raised  without  irrigation, 
and  the  temperature  ranges  from  120^  in  summer  to  —  50°  in  winter. 

After  a  careful  and  extended  examination  of  the  slides  and  the 
country  around  them,  the  speaker  was  convinced  that  no  such  stratum 
of  clay  and  no  bed-rock  sloping  toward  the  river  existed,  at  least 
above  the  bed  of  the  river,  so  as  to  cause  the  results  noted;  and 
that,  although  the  irrigation  water  was  in  fact  the  direct  cause  of  the 
movements,  the  question  was  not  one  of  mechanics  or  mathematics, 
but  rather  one  of  geology  and  chemistry,  influenced  perhajjs  by  some 
remoter  sciences. 

There  were  eight  separate  portions  affected,  six  being  compara- 
tively small,  with  two  very  important  slips  known  as  the  "North  "  and 

*  '-The  Great  Land-Slides  on  the  Canadian  Pacific  Railway  in  British  Columbia."  By 
Robert  Brewster  Stanton,  M.  Inst.  C.  E..  Minutes  of  Proceedings,  lust.  C.  E.,  Vol. 
CXXXII,  p.  1. 
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"South"  slides.      At  both  phices  the  country  originally  sloped  up  Mr.  Stanton. 

from  the  river  in  a  series  of  benches  or  terraces  to  the  first  line  of 

hills.     The  south  slide  has  an  extreme  length  of  1  880  ft.  along  the 

railway,  and  an  extreme  width,  back  from  the  river,  of  1  575  ft.     It  is 

of  somewhat  irregular  form,  with  a  semicircular  outline  at  the  back, 

and  covers  an  area  of  66  acres.    The  north  slide  has  a  maximum  width 

at  its  widest  portion  of  nearly  0.5  mile,  and  a  length,  back  from  the 

river,  approaching  0.75  mile,  with  the  same  semicircvilar  back  line.    It 

is  of  irregular  form,  and  covers  an  area  of  155  acres.     The  height  of 

the  first  bench  next  to  the  river,  in  both  cases,  was  originally  about 

80  ft.  above  low-water  level.     The  land  then  rose  in  successive  levels 

to  a  height,  on  the  south  slide,  of  400  ft.  to  the  bench  at  the  top,  or 

back  edge,  where  the  cave-down  broke  ofi"  the  solid  ground,  and,  in 

the  case  of  the  north  slide,  it  extended  to  the  third  higher  bench  500 

ft.  above  the  river.     It  is  impossible  to  ascertain  at  what  depth  these 

enormous  masses  of  earth  and  loose  rock  broke,  or,  in  other  words, 

the  depth   of  the  plane  on  which  the  mass  moved  toward  the  river; 

but  it  is  estimated  that  at  the  back  edge  of  the  south  slide  the  break 

fell  almost  vertically  for  a  distance  of  more  than  300  ft.,  and  on  the 

north  slide  perhaps  more  than  400  ft. 

Speaking  generally,  after  the  great  valley  of  the  Thompson  Kiver 
was  cut  out  by  glacial  action,  it  was  filled  again  with  glacial  drift  and 
silt,  and  once  more  the  river  cut  its  channel  down  through  this  glacial 
deposit  and  now  flows  in  a  narrow  gorge,  within  the  greater  one, 
which  slopes  in  benches  and  terraces  up  to  the  hills  and  moiiutains 
on  both  sides. 

The  terraces  on  each  side  of  the  valley  along  this  section  consist 
of  the  soil  on  the  top  of  each  bench  of  light  sandy  loam  to  the  dej^th 
of  from  1  ft.  to  8  ft.  Below,  in  places,  is  found  from  3  to  10  ft.  of  clean 
coarse  river  sand.  Next  occurs  loose  and  nearly  clean  stratified  gravel 
and  boulders,  and  below  this  a  partially  cemented  gravel  Avith  larger 
boulders.  The  material  which  holds  together  the  gravel  and  stones  of 
this  formation  is  boulder  clay,  a  porous  arenaceous  clay  silt,  through 
which  water  passes  freely,  yet  which,  in  a  diy  state,  will  stand  in 
vertical  walls  to  a  considerable  height.  It  extends  to  a  greater  depth 
on  the  higher  terraces;  in  places  it  is  perhaps  500  ft.  deep.  The 
boulder  clay  is  here  found  in  two  forms:  in  its  original  form,  as  first 
laid  down;  and,  esijecially  upon  the  lower  benches  next  to  the  river, 
in  a  secondary  or  rearranged  form.  Under  the  lower  benches,  par- 
ticialarly  under  the  slips,  there  is  a  deposit  of  silt  or  imjjerfect  clay, 
which  shows  in  places  to  a  depth  of  from  50  to  200  ft.  It  is  the  same 
silt  which  forms  and  binds  together  the  boulders  of  the  boulder  clay, 
but  is  entirely  free  from  gravel  or  boulders.  These  lower  deposits 
have  been  named  the  white  silt  deposits.  "They  are  generally  fine 
and  uniform  in  texture,  and  are   usually  well  bedded  in  perfectly 
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Mr.  Stanton,  liorizontal  layers  from  J  in.  to  4  ins.  in  thickness, "  with  occasional 
sandy  seams  and  small  jiockets  of  coarse  sand,  formed  locally,  ap- 
pearing in  places. 

By  the  coutiuued  api)lication  of  large  qnantities  of  irrigation  water 
U2)on  the  cnltivated  fields  above,  and  upon  the  upper  portions  of  what 
are  now  the  slides,  almost  the  entire  surplus  not  absorbed  by  the 
plants  or  evaporated,  sank  down  freely  through  the  loose  soil,  sand 
and  gravel;  and,  while  not  as  readily,  yet  with  considerable  ease, 
throngh  the  boulder  clay,  and  reached  the  underlying  silt.  After 
some  years  this  water  saturated  the  argillaceous  silt  and  converted  it 
into  the  form  of  river  mud  of  about  the  consistency  of  thick  pea-soup. 
Long  before  the  whole  mass,  or  even  a  very  large  jiart  of  it,  reached  a 
state  of  perfect  saturation,  the  silt  would  lose  its  power  of  sustaining 
weight.  In  the  two  jjlaces  here  referred  to,  on  account  of  the  peculiar 
topographical  and  geological  contour  of  the  country,  the  water  applied 
at  the  back  was  concentrated,  comparatively  speaking,  into  one  chan- 
nel of  descent  (in  each  place)  to  the  body  of  silt  below,  and  thence  it 
penetrated  in  every  direction.  The  process  of  saturation  required 
many  years  to  i^roduce  any  results,  for  if  a  considerable  quantity  of 
the  silt  had  become  saturated  to  the  point  at  which  it  would  lose  all 
cohesion,  it  would  not  move,  on  account  of  there  being  so  great  a  dis- 
tance to  any  point  of  outlet,  together  with  the  self-supporting  power 
of  the  boulder  clay  in  its  confined  position,  which  was  nearly  all  ab- 
solutely dry  over  the  slip;  hence  a  large  extent  of  the  underlying  silt 
became  more  or  less  saturated  before  it  could  find  an  outlet  in  any 
direction,  even  with  a  considerable  weight  uj^on  it  in  its  more  or  less 
semi-liquid  state.  Finally,  when  a  large  body  of  the  silt  had  become 
saturated  to  such  an  extent  that  it  could  not  sustain  even  its  own 
weight,  except  in  its  confined  position,  and  the  limit  of  resistance, 
possibly  in  the  form  of  an  arch,  of  the  boulder  clay  had  been  reached, 
the  great  mass  of  earth  and  boulders  above — in  the  case  of  the  south 
slide,  estimated  as  weighing  some  32  000  000  tons,  and  of  the  north 
slide  ajiproaching  100  000  000  tons — the  whole  mass  dropped  almost 
vertically,  while  the  immense  tracts  of  broken  and  mixed  material 
seeking  an  outlet  forced  their  lower  sides  out  on  the  line  of  least  re- 
sistance and  found  their  way  into  the  river.  This  action  is  distinctly 
shown  by  the  almost  vertical  walls  in  the  boulder  clay  along  the  out- 
line of  these  two  slides.  While  at  their  foot  there  is  now  a  talus  slope 
of  crumbled  material,  these  walls  stand  vertically  to  a  height  of  from 
•50  to  200  ft.,  more  clearly  shown  in  the  north  slide,  where  the  vertical 
cliffs  of  boulder  clay,  and  in  jjlaces  of  the  silt  itself,  extend  around  the 
whole  slide  for  a  distance  of  more  than  1.5  miles.  It  is  also  shown  by 
the  present  position  of  large  sections  of  the  original  surface  of  the 
highest  bench,  which  broke  off  at  the  line  of  the  back  wall,  and  which 
now  stand  in  the  sunken  mass  at  an  angle  of  about  45°,  with  their 
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former  level  surfaces  tilted  back  and  away  from  the  river.     The  back  Mr.  Stanton. 

edge  thus  dropped  first  and  lower  than  the  poi'tion  some  distance  in 

front  of  it.     In  dropping  and  pushing  out  toward  the  river,  the  whole 

tract  was  broken  into  sections  by  great  cracks,  whic^h  still  exist.     The 

larger  cracks  run  parallel  with  the  river  and  at  right  angles  to  the  line 

of  movement,  while  other  and  smaller  cracks  run  in  every  direction, 

cutting  the  whole  into  blocks  of  boulder  clay  and  dry  silt. 

In  every  instance  noted,  these  slides  occurred  from  3  to  6  years 
after  irrigation  began  at  each  point.  In  the  case  of  the  larger  one, 
the  great  north  slide,  the  final  catastrophe  was  hastened  by  the  burst- 
ing of  a  small  reservoir.  A  very  large  quantity  of  water  was  necessary 
for  raising  crops,  on  account  of  the  sandy  nature  of  the  soil  and  the 
natui-e  of  the  subsoil.  The  topography  of  the  several  benches  assisted 
materially  toward  the  final  result.  Each  field  being  in  the  form  of  a 
shallow  ba.sin,  around  which  the  irrigation  ditches  were  built,  little 
of  the  surplus  water  was  drained  oft';  hence  the  greater  part  of  that 
not  taken  uj)  by  the  plants  or  by  evaporation  ran  toward  the  center  of 
the  field  and  soaked  down  in  one  channel. 

A  most  important  question  here  arose,  and  was  pressed  hard  in  the 
trial  of  a  suit  for  injunction  before  the  Suj^reme  Court  of  British 
Columbia,  which  suit  went  through  all  the  courts  of  apjieal  of  Canada 
and  was  finally  settled  in  favor  of  the  Railroad  Company  in  the  Privy 
Council  in  London.  The  question  was  this:  How  could  the  silt, 
which  melted  so  quickly  into  slimy  mud  in  still  water,  stand  in  verti- 
cal walls  100  ft.  high,  and  resist  the  action,  for  centuries,  of  the  river 
running  against  its  sides  and  not  melt  down  at  all? 

As  to  the  action  of  the  water  upon  the  peculiar  masses  of  silt  which 
at  present  underlie  the  benches  and  terraces  along  the  Thompson 
River,  a  number  of  curious  facts  wei-e  noted  in  and  around  the  south 
slide,  which  at  first  seemed  most  diflicult  to  exjilain.  The  silt  or  im- 
perfect clay,  which  lies  at  some  points  in  this  section  in  masses  from 
200  to  1  000  ft.  in  thickness,  is  generally  fine  and  of  uniform  texture, 
and  is  usually  well  bedded  in  horizontal  layers  of  from  ^  in.  to  3  or  4 
ins.  thick.  In  its  natural  state  it  is  hard  and  dry,  like  a  soft  sandstone, 
and,  when  held  between  the  fingers  and  struck  with  a  light  hammer, 
rings  like  stone.  A  large  piece  of  this  silt,  however,  jjlaced  in  a  basin 
of  water  dissolves  after  a  few  minutes  and  falls  down,  not  in  a  lump 
as  clay,  but  mingles  with  the  water,  forming  a  semi-fluid  mass  like 
thick  pea-soup.  The  same  soft  mixture  was  observed  oozing  out  at 
many  points  along  the  foot  of  the  slide,  forced  out  by  pi-essure  fi'om 
above;  so  the  question  arose,  how  was  it  that  this  silt  stood  in  vertical 
walls  from  10  to  100  ft.  in  height  along  the  Thompson  Rivei*,  with  the 
waters  of  the  stream  running  along  and  against  their  base,  and  at 
high  water  some  distance  up  them,  and  yet  they  had  stood  for  ages, 
and  were  but  little  injured,  excei^t  by  slight  atmospheric  disinte- 
gration ? 
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Mr.  Stanton.  The  silt  is  formed  of  three  principal  parts  — silica,  in  the  form  of 
coarse  and  fine  sand,  and  alumina  in  two  forms,  first,  disintegrated 
feldspar,  simply  separated  mechanically  into  grains,  both  coarse  and 
fine,  also  in  the  form  of  sand,  and  constituting  a  large  part  of  the 
mass;  and  second,  decomjjosed  feldspar  or  plastic  clay.  Under  the 
action  of  running  water,  the  sand,  both  the  silica  and  the  disinte- 
grated feldsjjar,  is  washed  out  of  and  off  from  the  surface,  while  the 
decomposed  feldspar  is  precipitated  and  forms  a  coating  of  true  plas- 
tic clay  upon  the  mass,  which  soon  becomes  impervious  to  the  water 
and  is  practically  indestructible,  thus  protecting  the  underlying  silt 
from  further  action  of  the  water.  The  result  of  a  chemical  examina- 
tion *  of  the  material  is  given  in  the  paper  referred  to. 

Mr.  H.  J.  Warsap,  the  chemist  who  made  the  analysis,  also  sug- 
gests the  chemical  action  and  assistance  of  the  carbonic  acid  of  the 
atmosphere,  and  ammonia,  if  present  in  the  clay  and  the  lime,  in 
forming  this  impervious  coating.  The  mechanical  action  of  separa- 
tion and  precipitation  noted  above,  it  is  believed,  accounts  for  all 
the  peculiar  phenomena  observed  at  every  point  in  and  aroiand  the 
slides. 

The  great  quantity  of  irrigation  water  soaked  downward  into  the 
mass  of  silt.  It  would  absorb  53%  of  water  without  changing  its  form, 
yet  with  only  about  35/o  it  would  be  incapable  of  sustaining  any  great 
weight  except  in  its  confined  position.  After  the  final  breakdown, 
and  its  release  into  the  river  with  the  continual  application  of  water, 
and  still  being  under  pressure,  this  semi-liquid  silt,  containing  all  its 
original  constituents,  is  forced  out  at  the  foot  of  the  slide  in  great 
quantities.  If  a  man  steps  on  this  ooze  he  is  likely  to  sink  into  it, 
while,  within  only  a  few  feet  of  such  a  spot,  when  examined  by  the 
speaker,  there  lay  a  large  block  of  the  same  silt  which  had  fallen  over 
into  the  river  in  a  dry  state,  and  over  which  the  last  season's  high 
water  had  run;  it  stood  up  3  or  4  ft.  above  the  level  of  the  river  beach, 
and  the  speaker  walked  and  jumped  upon  it  without  making  any  im- 
pression. Breaking  off  a  piece  of  this  block,  it  was  found  that,  less 
than  1  in.  under  the  surface,  the  silt  was  in  its  original  form,  and  easily 
dissolved  in  water.  In  the  river,  under  low  water,  were  also  observed 
great  masses  of  this  silt  which  had  fallen  over  into  the  river  in  blocks, 
over  the  surface  of  which  the  river  had  run  for  years  without  carrying 
them  away.  On  the  other  hand,  the  backwater  in  an  eddy  soaking 
through  the  cracks  and  getting  behind  and  around  other  blocks  dis- 
solved them  completely',  and  the  river  carried  them  away. 

It  has  been  suggested  by  Emil  Kuichling,  M.  Am.  Soc.  C.  E.,  that 
there  may  be  other  causes  which  enter  into  the  formation  of  the  pro- 
tecting surface  so  quickly  placed  on  the  mass  of  silt  or  clay  when 
exposed  to  the  action  of  running  water  and  which  thus  prevents  its 
destruction.     The  particular  additional  science  to  which  Mr.  Kuich- 

*  Mimdes  of  Proceedings,  Inst.  C.  E.,  Vol.  CXXXII,  p.  20. 
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ling  refers  being  that  of  biology.     Mr.  Kuicliling  has  made  quite  ex-  Mr.  Stanton, 
tensive  study  and  examination  into  the  development  of  the  vegetable, 
and  by  some  thought  to  be  even  animal,  life  on  the  surface  of  newly 
exposed  clay  banks,  especially  in  brick  yards. 

It  is  not  for  the  speaker  to  refute  any  such  scientific  suggestion 
■when  coming  from  Mr.  Kuichling.  The  subject  is  one  in  which  the 
speaker  has  been  somewhat  interested,  and  has  observed-  and  noted 
the  growth  of  vegetable  life,  and  its  undoubted  protection,  upon  almost 
vertical  railroad  cuts,  along  the  Missouri  Eiver  between  Omaha  and 
Platsmonth,  Nebraska,  where,  from  his  personal  knowledge,  these  banks 
have  stood  for  more  than  twenty  years,  still  showing  the  marks  of  the 
picks  used  in  their  first  excavation,  and  also  upon  cuts  on  railroads 
and  common  wagon  roads,  in  the  neighborhood  of  Vicksburg,  Missis- 
sip])i. 

The  part  that  biology  may  play  in  the  protection  of  all  these  banks 
or  walls  of  clay  or  silt  is  a  most  interesting  one,  and  one  that  should 
receive  careful  study,  but  it  is  not  one  that  the  speaker  can  now  enter 
fully  into,  for  two  reasons:  First,  not  having  the  necessary  accurate 
and  detailed  information,  and  secondly,  not  having  the  time  to  give 
this  subject  sufficient  study. 

Still  there  are  one  or  two  considerations  which  would  seem,  with- 
out further  knowledge,  to  answer  partly,  if  not  completely,  Mr.  Knich- 
ling's  suggestion  when  apjilied  to  the  vertical  walls  of  silt  on  the 
Thompson  Eiver. 

The  action  of  the  running  water,  in  taking  aw^ay  the  silica  and 
feldspar  sand,  and  precipitating  the  plastic  clay  protection,  is  almost 
instantaneous;  if  it  were  not  so,  the  wall  would  crumble  and  be  washed 
away. 

Is  it  possible  that  plant  life,  even  though  the  seeds,  howsoever 
minute  and  howsoever  numerous,  exist,  as  stated,  in  the  clay  itself, 
could  germinate,  take  root,  and  form  such  protection  in  an  inappre- 
ciable instant  of  time  ? 

That  such  plant  life  does  form  and  protect  many  clay  banks,  as 
observed  and  noted  on  the  railway  cuts  in  Nebraska  and  Mississippi, 
is  entirely  correct;  but  has  not  such  formation  required  considerable 
time,  as  compared  with  the  instantaneous  action  of  the  running  water 
on  the  silt  in  British  Columbia? 

Further,  from  many  experiments  in  the  propagation  of  disease 
— the  very  subject  which  Mr.  Kuichling  was  investigating  for  the 
New  York  Board  of  Health — it  is  claimed  by  very  high  authority 
that  the  germs  from  which  the  vegetable  and  even  animal  life  come 
are  more  likely  those  deposited  upon  the  clay  from  the  air.  Not  at- 
tempting at  this  time  to  prove  or  disprove  this  claim,  if  it  is  true, 
it  would  seem  that  it  would  require  a  still  longer  time  to  produce 
such  life  and  growth  as  would  protect  the  silt  walls  from  the  water 
action. 
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Mr.  Stanton.  In  either  case,  it  would  ai)pear  that  the  mechanical  action  of  the 
ruuninf?  water,  as  described  above,  perhaps  coupled  with  the  chemical 
action,  suggested  by  the  chemist,  Mr.  Warsap,  entirely  accounts  for 
the  observed  phenomena  on  the  Thompson  River. 

However,  the  suggestion  of  geology,  as  a  third  science  to  be 
studied,  places  more  emphasis  upon  the  subject  of  this  discussion — 
the  absolute  necessity  for  engineers  engaged  in  the  construction  of 
permanent  works,  more  particularly  reservoirs,  railway  embankments, 
retaining  walls  and  other  structures  intended  to  resist  lateral  earth 
pressure,  to  study,  besides  mathematics  and  mechanics,  all  kindred 
sciences  which  may  possibly  enter  into  and  aifect  the  final  conclusions 
and  results. 

Hence,  it  is  jiarticularly  urged  ujion  young  engineers,  and  in 
fact  upon  all,  before  constructing  such  works,  to  find  out  first  ex- 
actly what  the  material  really  is,  both  geologically,  chemically  and 
otherwise,  and  then  calculate  mathematically  its  mechanical  oper- 
ation. 

Perhaj^s  it  may  not  be  out  of  place  here  to  ask  a  question  or  two 
which,  it  is  hoped,  may  bring  out  discussion  which  will  throw  light 
upon  this  general  subject. 

Has  not  the  modern  specializing  of  the  engineering  profession  into 
the  numerous  special  branches  tended  to  cause  many,  j^articularly 
young,  engineers,  to  feel — -and,  to  their  injury,  to  act  iipon  the  feeling — 
that  their  particular  branch  was  the  one  all  important,  and  thus  be  led 
into  such  errors  as  noted  in  connection  with  all  previous  investigations 
of  the  British  Columbia  land  slides? 

No  one  appreciates  more  fully  than  the  speaker  the  advantages  of 
special  technical  education  and  a  thorough  knowledge  of  one  subject 
at  least,  and  the  disadvantages  of  its  absence,  and  thus  jjossibly  being 
a  "Jack  of  all  trades,"  but  did  not  the  old-fashioned  practice  of  civil 
engineering — which  embraced  everything  except  military  works — im- 
pel the  engineer,  placed  far  out  on  the  confines  of  civilization,  and 
thrown  uj^on  his  own  resources,  to  look  upon  the  problem  in  hand  from 
more  different  sides,  and  not  only  through  his  own  jjarticular  hobby, 
so  to  speak,  and  thus  bring  him  nearer  the  composite  truth,  than  the 
modern  specialist,  under  the  same  circumstances? 

These  considerations  are  not  advanced  as  dogmas  or  even  posi- 
tive opinions,  but  for  the  piirjiose  and  in  the  hope  of  drawing  out 
from  engineers,  more  competent  to  speak,  their  opinions  on  one  side 
or  the  other. 

Mr.  Lamb.  EiCHARD  Lamb,  M.  Am.  Soc.  C.  E. — This  subject  is  of  great  im- 
portance. Mr.  Stanton  seems  to  infer  that  the  paper  is  more  theo- 
retical than  practical.     The  speaker  differs  from  him. 

Those  whose  business  is  the  designing  of  material-handling  plants 
are  aware  of  the  paucity  of  empix'ical  data  in  regard  to  lateral  pres- 
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sui'es  of  various  materials,  aud  of  practical  conclusions  deduced  from  Mr.  Lamb, 
sucli  experiments.     It  would  have  been  of  benefit  if  Mr.  Goodrieb 
could  have  extended  bis  experiments  to  a  number  of  materials,  sucb  as 
coal,  asbes  and  mineral  ores,  aud  given  bis  deductions  tberefrom. 

In  designing  coal  bins  for  use  in  New  York  City,  the  Building  and 
Dock  Departments  require  tbat  in  calculating  the  lateral  stresses,  45° 
be  used  for  the  angle  of  sliding  of  bituminous,  and  30°  for  autbracite 
coal.  Tests  made  by  the  sijeaker  indicate  tbat  dry  bituminous  coal 
will  slide  down  an  iron  chute  placed  at  40°  to  the  horizon,  and  down  a 
wooden  chute  at  45  degrees.  Anthracite  will  slide  down  iron  at  30° 
and  down  wood  at  35  degrees.  In  freezing  weather,  iron  chutes  often 
become  inoperative  at  the  angles  above  named. 

In  bins  with  flat  bottoms  and  with  side  gates,  the  problem  is 
changed;  and  the  angle  of  repose  due  to  friction  of  coal  upon  coal  has 
to  be  considered,  instead  of  coal  upon  wood  or  iron.  Piles  of  bitumi- 
nous coal,  especially  when  lumpy,  will  stand  almost  vertically.  In 
determining  the  lateral  stress,  as  the  vertical  component  is  due  to  the 
weight  of  the  coal  contained  between  the  vertical  wall  of  the  bin  and 
the  angle  of  repose  of  the  coal,  the  lateral  stress  is  inversely  propor- 
tional to  tbe  angle  of  repose.  If  the  Building  and  Dock  Dei)artments 
require  the  use  of  a  lesser  angle  than  tbe  actual  conditions  demand,  de- 
signers are  compelled  to  provide  a  much  more  expensive  structure  than 
the  so-called  "  practical  builder"  constructs  successfully  in  other  cities. 
Tbe  foi'egoing  facts,  together  with  the  rules  prescribed  in  the  new 
Building  Laws  now  in  effect  in  New  York  City,  imj^ose  a  heavy  and 
iinnecessary  burden  upon  the  coal  trade.  A  series  of  tests  with  coal, 
like  those  made  by  Mr.  Goodrich,  would  permit  of  the  establishment 
of  standard  data,  which  would  justify  the  Building  and  Dock  Depart- 
ment engineers  in  lessening  their  reqiiirements. 

The  following  formulas  are  used,  by  one  of  the  leading  coal-handling 
machinery  firms,  in  calculating  the  tabulated  statement,  as  shown  in 
their  catalogue,  giving  horizontal  pressures  of  coal  at  various  eleva- 
tions, upon  the  sides  of  coal  bins.  These  formulas  were  not  deduced 
from  experiment,  but  are  based  entirely  on  theoretical  grounds.  If 
there  are  any  errors,  they  are  on  the  side  of  safety,  as  many  iron  and 
wooden  coal  bins  have  been  built,  the  calculations  being  made  with 
these  formulas.  If  experiments  were  made,  undoubtedly  the  angles 
of  slip  would  be  increased  and  the  bins  made  by  the  new  formulas 
would  be  less  expensive.  With  a  coefficient  of  safety  of  5,  the  extra 
•strains  imposed  by  frozen  coal  dropping,  or  an  avalanche  of  coal, 
would  be  amply  safeguarded. 

Pressure   Exerted   by    Coal    against  Vertical   Retaining  Walls, 
PER  Foot  of  Length. 
Angle  of  reijose  of  hard  coal  =  27  degrees. 
Weight  of  coal  per  cubic  foot  =  52.1  lb. 
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Mr.  Lamb.        For  Surface  Horizontal. — 

.     ,  weiffht  of  the  triangle,  achy,  he 

Vertical  pressure  = z 

ah 

52.1  XabXbcXbc        oe  n-   /;>  ^\2 

=  ^ — T =  26.0o  {h  c)% 

lab 

or,  the  jiressure  varies  directly  as  the  squax*e  of  the  depth,  d. 


{■>^/' 


a 

When  tlie  Surface  Slope  is  Equal  to  ike  Angle  of  Repose. — 

weight  of  the  triangle,  a  e  b  X  be 


Vertical  pressure  = 


a  b 
52.1  X  bf  X  af  X  b  e 


=  52.1  {bff, 


ah 
again,  the  pressure  varies  directly  as  the  sqiiare  of  the  depth,  d. 

Hard  Coal. — 

Surface  horizontal  \  ^o*^^  pressure  for  depth,  d  ==  9. 78  J^. 

(  Pressure  on  lowest  foot      =  9.78  (2rt  —  1). 

Q #„„„  „i„    •       S  Total  pressure  for  depth,  d  =  14.22  d^. 

Surface  sloping  j  ^^.^^^^^.^  ^^  j^west  foot         =  14.22  (2  d -  1). 

Soft  Goal.— 

o     t        1,     •       .   1  \  Total  pressure  ^  6.37  d^. 

Surface  horizontaM  t^  i  t.  t     *.       a^ii  f.j       i\ 

(  Pressure  on  lowest  toot  =  b.d7  (o  —  1). 

at  ^      ■       \  Total  pressure  =  10  d'. 

Surface  sloping  |  p.^.^^Vg  ^^  i^^^^st  foot  =  10  (2  d  -  1). 

Angle  of  repose  =  35  degrees. 

The  speaker  was  recently  engaged  in  designing  a  plant  for  handling 
the  ashes  and  street  sweepings  of  Brooklyn  by  trolley  cars,  and  could 
find  no  data  giving  the  angle  of  repose  of  ashes  and  street  sweepings. 
He  decided,  by  tests,  that  with  iron  chtites  the  angle  should  be  not 
less  than  30°,  and  designed  a  car  with  34°  for  the  angle  of  the  floors. 
This  car  was  not  built,  because  it  was  learned  that  Col.  Waring  had  a 
number  of  scows  built  with  an  angle  of  about  32°  for  the  floors.  They 
were  expected  to  be  self-discharging,  but  jjroved  to  be  failures.  Sub- 
sequently, the  writer  constructed  some  buckets,  of  about  7^  tons 
capacity,  having  trunnions  and  being  designed  to  be  dumped  by  der- 
rick car  and  cableway.  These  buckets  can  be  turned  upside  down. 
From  operating  these  buckets,  it  has  been  observed  that  they  will  dis- 
charge the  ashes  when  at  an   angle   of  about   35  degrees.     On  the: 
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strength  of  tliis  information,  the  writer  is  now  designing  a  ear  with  Mr.  Lamb, 
mechanism  for  discharging  these  large  buckets  from  the  cars  direct. 

Ashes  are  often  seen  piled  almost  vertically.  The  lateral  pressure 
of  ashes,  especially  when  bound  together  with  rags,  and  other  matter 
in  the  street  sweepings,  cannot  be  determined  by  any  data  available 
in  the  books  of  our  profession,  as  far  as  the  speaker  has  been  able  to 
learn. 

Mr.  Goodrich  determined  from  his  experiments  the  fact  that  the 
more  finely  a  material  is  divided,  the  less  the  lateral  pressure.  He 
stated,  however,  that  he  considered  that  this  deduction  is  of  more 
theoretical  than  practical  importance.  On  the  contrary,  the  speaker 
wishes  to  emphasize  the  practical  importance  of  this  very  deduction. 
Had  this  matter  been  brought  to  the  sjieaker's  attention  before  de- 
signing and  building  a  large  copper  mining  plant  recently,  he  would 
have  designed  the  ore  bins  differently.  Steel  floors,  at  an  angle  of  40°, 
were  put  in,  and  it  was  found  that  the  crushed  quartz  ore,  from  1^  in. 
to  ^  in.  in  size,  would  slide  down  readily,  but  the  very  fine  ore,  up  to 
J  in.  in  size,  would  not  move.  A  water  jet,  extending  across  the  bin, 
had  to  be  supplied  in  order  to  make  the  quartz  fines  move  down  a  40° 
steel-incline  floor.  It  is  evident,  therefore,  that  the  finer  the  ore  is 
crushed,  the  less  will  be  its  lateral  pressure  when  confined  in  a  bin, 
which  is  what  Mr.  Goodrich  proved  by  his  experiments. 

E.  P.  Goodrich,  Jun.  Am.  See.  C.  E.  (by  letter). — Subsequent  to  Mr.  Goodrich, 
the  preparation  of  this  paper,  but  before  the  time  of  its  presentation, 
two  pajjers  came  to  the  writer's  attention,  both  of  which  are  of  gi'eat 
interest  in  connection  with  the  subject. 

The  interesting  jjaper  by  D.  D.  Clarke,  on  "A  Phenomenal  Land 
Slide  "*  affords  some  data  of  a  variety  comparable  with  the  work  of 
the  writer.  The  surface  of  the  slip  was  practically  a  jjlane,  and  its 
slope  a  fairly  uniform  one,  so  that  the  tangent  of  the  friction  angle 
can  be  approximated  with  some  precision.  This  was  done,  and  the 
theoretical  lateral  pressure  computed  by  Rankine's  formula.  The 
result  was  then  jjlotted  in  Fig.  48,  in  connection  with  the  curves 
observed  in  the  cylinder  experiments  on  clay.  That  slipping  was 
actually  stopped  by  draining  off  the  water,  and  thus  reducing  the  per- 
centage of  saturation  of  the  clay  from  one  approximating  complete 
saturation  to  one  of  normal  amount,  proves  that  the  friction  angle, 
and  hence  the  lateral  pi essure  which  the  mass  could  have  exerted, 
would  lie  between  curves  representing  those  respective  percentages  of 
saturation.  Fig.  48  shows  that  the  computed  lateral  pressure  lies  in 
exactly  this  relation  to  the  observed  jiressure  curves. 

Mr.  J.  H.  Jamieson,  in  his  paper  on  "Grain  Pressures  in  Deep 
Bins, "t  shows  that  the  curves  of  lateral  pressures  of  wheat  in  bins 

*Trannactions.  Am.  Soc.  C.  E.,  Vol.  LIII.  p.  322. 
t  Reprinted  in  Engineering  Xeics.  Vol.  LI,  p.  236. 
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Mr.  Goodrich,  of  differeDt  diameters  are  remarkably  similar  Avlien  plotted  to  scales 
whicli  vary  inversely  as  the  diameters  of  the  bins.  Three  of  his  sets 
of  observations  are  thus  shown  in  Fig.  49,  where  are  also  inserted 
the  writer's  observations  on  sand  with  the  3-ft.  model,  and  those  of 
steel  for  earth,  with  his  6-ft.  bin.  The  two  latter  curves  are  plotted 
to  scales  related  to  each  other  and  to  Jamieson's  work,  as  above 
described,  but  are  also  increased  in  proportion  to  the  relative  weights 
of  wheat  and  earth  (as  1  to  2).  It  is  believed  that  the  dissimilarity 
in  these  curves  disproves  Jamieson's  theory  of  exact  proportionality 


CURVES  OF  ACTUAL  LATERAL  PRESSURE  OBSERVED  FOR  CLAY 
AND  THE   ONE   COMPUTED   FROM   LAND  SLIDE   DATA. 
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Fig.  48. 

under  such  conditions,  so  that  the  theoretical  value  of  his  work  is  very 
much  questioned.*  This  work  does  seem  to  prove  conclusively  at 
least  the  one  fact,  however,  that  models  12  ft.  and  less  in  diameter,, 
produce  friction  and  arch  action;  and,  by  inference,  those  retaining 
walls  which  are  only  that  distance  apart  cannot  be  treated  as  if  the 
retained  material  was  of  indefinite  extent.  Such  walls  will  support 
more  or  less  of  the  actual  weight  of  the  material  retained,  according 
to  the  depth,  and  unless  a  marked  arch-action  thrust  be  set  up,  will 

*See  also  Engineering  News,  Vol.  LI,  p.  403. 
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be  pi-oportiouallv  more  stable  tbau  others,  and  cau  thus  be  dcsipued  Mr.  Goodrich, 
with  a  smaller  factor  of  safety,  afcovdmg  to  present  practice  in  the 
use  of  that  item. 

In  connection  with  the  reconstruction  of  Dry  Dock  No.  2,  at  the 
New  York  Navy  Yard,  a  set  of  observations  was  carried  out  upon  the 
12  by  12  in.  yellow  pine  shoring  timbers  which  braced  the  sheet-piling^ 
driven  to  retain  the  earth  around  the  dock.  P.  J.  Cleaver,  Jun.  Am. 
Soc.  C.  E.,  an  Assistant  Engineer  in  the  Navy  at  the  time,  conducted 
the  observations,  and  writes  as  follows  concerning  them: 

"Chocks  at  the  lower  ends  of  several  shores  Avere  crushed  by  the 
horizontal  component  of  the  stresses  in  the  shores.     On  the  basis  of 

REDUCED  CURVES  OF  LATERAL  PRESSURE  OF  SAND  AND  WHEAT 
IN  BINS  OF  VARIOUS  DIAMETERS. 
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120  sq.  in.  for  crushed  area  and  a  crushing  strength  for  yellow  jjine 
across  grain  of  1  260  lb.  per  sq.  in.,  the  horizontal  component  of 
stress  was  75. G  tons,  making  a  compression  in  the  shore  of  SI  tons. 

"Several  of  the  shores  buckled,  in  one  case  2  in.  or  a  little  more. 
This  shows  that  the  compression  in  the  shoi'es  must  have  been  con- 
siderably greater  than  their  safe  theoretical  load.  On  the  basis  of 
860  —  7  X  L  ~  //for  safe  unit  load  for  long-leaf  yellow  pine  columns, 
a  sale  load  of  42  tons  is  indicated.  As  the  factor  of  safety  in  the 
formula  is  large,  it  is  considered  that  the  shore  would  easily  require 
84:  tons  to  buckle  it  2  in.  This  is  sim^jly  a  check  on  the  above 
observations. 

"Taking  75.6  tons  as  the  horizontal  component  of  the  stress  in 
each  shore,  and  as  the  shores  were  spaced  10  ft.  apart,  the  i^ressure 
exerted  against  the  top  of  the  shore  by  each  running  foot  of  bank 
would  be  7.6  tons." 
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Mr.  Goodrich  The  shore  rested  against  the  bank  20  ft.  above  its  base,  and  the 
earth  was  surcharged  15.5  ft.  above  the  top  of  the  shore.  On  the 
basis  of  100  lb.  as  weight  per  cubic  foot  of  earth,  and  the  assumption 
of  a  uniformly  increasing  lateral  earth  pressure  downward  from  the 
top  of  the  shore,  but  starting  with  zero  at  the  surface  of  the  earth,  a 
ratio  of  lateral  to  vertical  pressure  of  68%  is  indicated.  For  various 
reasons,  the  writer  believes  this  to  be  excessive,  but  it  only  goes  to 
l^rove  the  large  size  of  the  stresses  indicated  by  many  such  observa- 
tions. 

The  idea  suggested  by  Mr.  Bonzano,  from  his  observations,  and 
embodied  in  his  specification,  is  in  exact  accord  with  the  experi- 
ments of  Darwin,  who  found  a  25%  greater  pressure  when  the  fill 
was  made  toward  the  plane  of  pressure  than  when  made  in  the  oppo- 
site direction.  The  writer,  therefore,  believes  that  his  data  are  of 
more  practical  use  than  Mr.  Bonzano  suggests  in  the  last  paragraj^h 
of  his  discussion. 

The  suggestion  of  Mr.  Hewes  concerning  the  use  of  carbon  is  in- 
genious, but  the  writer's  experience  with  the  cylinder,  showed  that 
even  that  mechanism  was  almost  too  sensitive,  and  that  the  size  of  the 
plug  (1  in.  in  diameter)  was  altogether  too  small  except  for  materials 
with  grains  less  than  |  in.  in  diameter.  The  carbon  cylinder,  however, 
might  be  used  in  connection  with  two  opposing  discs,  somewhat  as 
Wdson  arranged  his  apparatus. 

In  direct  line  with  the  method  suggested  by  Mr.  Dimham,  the 
writer  endeavored  to  make  a  preliminary  test  of  the  cylinder,  with 
water  as  the  material  tested.  The  fit  of  the  plug  and  of  the  disc  was 
not  sufficiently  tight,  however,  to  aflford  useful  results.  In  the  experi- 
ments carried  out  by  Mr.  Jamieson,  referred  to  above,  use  was  made 
of  a  device  in  which  the  idea  was  to  equilibrate  the  grain  pressure 
directly  by  water  pressure  against  the  opposite  sides  of  the  diaphragm 
of  the  testing  mechanism.  The  reliability  of  the  results  obtained,  even 
with  this  arrangement,  has  been  questioned  by  some.* 

Mr.  Stanton  is  right  in  contending  that  a  knowledge  of  the  mathe- 
matics and  perhaps  the  physics  of  earth  pressures  is  not  always  ade- 
quate. The  chemistry  of  the  subject  is  also  necessary,  especially 
when  dealing  with  most  clays  and  many  mineral  combinations.  In 
this  connection  sjiecial  reference  must  be  made  to  the  investigations 
of  the  United  States  Geological  Survey  of  the  chemical  properties 
of  clay,  published  in  Professional  Paper  No.  11,  "The  Clays  of  the 
United  States  East  of  the  Mississippi  Eiver,"  by  Heinrich  Kies,  pp. 
27-30. 

It  is  to  be  noted,  further,  in  connection  with  Mr.  Stanton's  obser- 
vations, that  ordinary  blue  clay   of  normal  humidity  will  commence 
to  creep  under  loads  of  about  12  000  lb.  per  sq.   ft.,  corresponding  to 
*  See  Engineering  News,  Vol.  LI,  p.  403. 
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depths  of  about  120  ft.,  while  movement  is  relatively  rapid  at  double  Mr.  Goodiictt. 
this  pressure.     The  thickness  of  the  masses  described  by  Mr.  Stanton 
were   300   or   400  ft.    and   more,  and  must  have  been  very  near  the 
danger  point  even  before  the  irrigation  work  commenced,  unless  the 
mass  -was  almost  entii-ely  devoid  of  moisture. 

The  writer  desired  very  much  to  include  coal  in  his  series  of  obser- 
vations, but  the  results  obtained  with  the  gravel  showed  that  observa- 
tions with  the  api^aratus  at  hand  Avould  have  been  worthless.  It  is  hoped 
that  in  the  near  future  some  one  will  do  some  extended  work  along 
that  line.  The  friction  angles  given  by  Mr.  Lamb  are  all  those  of  the 
friction  between  the  material  and  steel  or  wood,  and  not  properly 
those  of  either  internal  or  surface  friction  of  the  material  itself.  The 
tangent  of  the  angle  of  internal  friction  for  cinders,  as  found  by  the 
writer,  was  0.474,  and  of  surface  slojie  was  0.86,  while  Mr.  Lamb 
gives  35^  (tan.  0.7)  for  the  angle  of  sliding  of  cinders  on  iron.  His. 
experience  with  fine  and  coarse  copper  ore,  however,  shows  that  it 
obeys  the  same  general  law  when  sliding  on  steel  as  when  sliding  oii 
itself,  which  is  an  unexpected  but  remarkable  confirmation  of  the  re- 
sults obtained  by  the  writer. 

Acknowledgment  is  herewith  made  by  the  writer  of  his  apprecia- 
tion of  the  kind  remarks  made  by  those  discussing  his  work. 


AMEEIOAN  SOCIETY  OF  CIVIL  ENGINEERS. 

INSTITUTED   lH5;i. 


TRANSACTIONS. 

Paper  No.  984. 

A  PHENOMENAL   LAND  SLIDE.* 

By  D.  D.  Clakke,  M.  Am.   See.  C.  E. 


With  Discussion  by  Messrs.  George  L.  Dillman,  Arthur  L.  Adams, 
James  D.  Schuyler  and  D.  D.  Clarke. 


The  gravity  system  of  water-works,  constructed  during  the  years 
1893  and  1894  by  the  Water  Committee  of  the  City  of  Portland,  Ore- 
gon, included  a  series  of  four  reservoirs  for  supplying  the  different 
districts  of  the  city.  Reservoir  No.  1,  with  a  capacity  of  12  000  000 
galls.,  and  No.  2,  with  a  capacity  of  20  500  000  galls.,  supply  the  East 
Side  District;  and  Reservoir  No.  3,  with  a  capacity  of  16  400  000 
galls.,  and  No.  4,  with  a  capacity  of  17  700  000  galls.,  supply  the 
West  Side  District.  Two  of  these  reservoii's,  Nos.  3  and  4,  on  the 
West  Side,  wei-e  built  in  a  narrow  ravine  occujiying  a  portion  of  the 
City  Park,  about  two  miles  w^est  of  the  business  center  of  the  city. 
The  lower  reservoir  has  an  elevation  of  220  ft.  and  the  higher  one  290 
ft.  above  mean  low-water  level  of  the  Willamette  River.  These  two 
reservoirs  were  formed  by  dressing  down  the  banks  of  the  ravine  in 
which  they  are  located;  and,  since  their  completion,  a  serious  derange- 
ment of  the  western  slopes  of  both  reservoirs  has  taken  jjlace,  owing 
to  a  movement  of  the  adjacent  hillside. 

The  magnitude  of  this  movement  was  not  understood  at  first,  but 
it  has  since  been  found  to  extend  for  nearly  the  full  length  of  both 

*  Presented  at  the  meeting  of  April  6th,  1904. 
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reservoirs,  a  distance  of  about  1  100  ft.  This  distance  may  be  called 
the  approximate  width  of  the  slide  at  its  lower  or  eastern  end.  At  the 
apex  or  western  end  it  is  about  400  ft.  wide,  and  its  length  from  east 
to  west  is  approximately  1  700  ft.  The  depth,  as  determined  at  various 
places,  ranges  from  50  to  112  ft.,  and  the  surface  area  approximates 
30  acres.  The  volume  of  the  moving  mass  has  been  estimated  at 
3  400  000  cu.  yds. 

Taking  into  consideration  the  characteristic  features  of  this 
movement,  its  length,  breadth  and  depth,  and  the  uniformity  of  the 
movement  of  the  sliding  mass,  it  may  be  truthfully  called  "A  Phe- 
nomenal Land  Slide."  It  is  the  purjiose  of  this  paper  to  describe  the 
surveys  and  explorations  which  have  been  made  during  the  last  nine 
years,  for  the  purpose  of  determining  the  dimensions  of  this  slide  and 
its  probable  cause,  and  to  aid  as  well  in  devising  a  plan  for  the  cure 
of  the  difficulty. 

The  writer  has  been  engaged  in  the  service  of  the  Water  Committee 
since  March,  1893,  and  for  the  past  seven  years  has  had  engineering 
charge  of  all  construction  work.  He  has  therefore  had  personal 
knowledge  of  the  work  from  almost  the  very  beginning,  and  the  sur- 
veys and  explorations  described  in  the  paper  have  been  made  largely 
under  his  personal  supervision. 

In  order  to  reach  a  correct  understanding  of  the  situation  of  these 
reservoirs,  and  the  reasons  which  led  to  their  location  at  the  point 
named,  a  few  words  regarding  the  physical  characteristics  of  the  region 
may  be  necessary.  The  City  of  Portland  is  largely  built  on  the  lower 
slopes  of  a  range  of  hills  bordering  the  Willamette  River  on  the  west. 
For  a  distance  of  between  one  and  one  and  a  half  miles  from  the  busi- 
ness district  the  slope  is  quite  gradual,  rising  in  that  distance  to  an 
elevation  of  from  150  to  250  ft.  Beyond  that  point  the  hills  rise  more 
abruptly  and  reach  an  elevation  of  from  800  to  1  000  to  1  200  ft.  in  a 
total  distance  from  the  river  of  three  miles,  or  less.  See  Plate  XVII,  a 
map  of  the  territory. 

Flowing  down  the  eastern  slope  of  this  range  of  hills  there  are  sev- 
eral small  streams  which  discharge  into  the  I'iver  within  the  city  limits 
through  brick  conduits  of  large  size.  These  streams,  though  small, 
have  furrowed  out  channels  for  themselves,  which,  on  their  upper 
courses,  vary  in  depth  from  40  to  200  ft.  below  the  general  level  of 
the  adjacent  ridges.  One  of  the  largest  of  these  streams  is  known  as 
Tanner  Creek,  its  lower  portion  being  now  confined  in  a  brick  sewer, 
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approximately  6  ft.  in  diameter.  The  ui)per  or  western  end  of  this 
sewer  is  near  the  southeast  corner  of  the  City  Park,  and  only  a  few 
hundred  feet  from  the  site  of  Keservoirs  Nos,  3  and  4,  to  which  this 
account  refers.  Above  the  head  of  this  sewer  the  valley  of  the  south  or 
main  branch  of  Tanner  Cieek  is  about  150  ft.  wide,  with  side  slopes 
from  1  on  1  to  1  on  3  or  4  horizontal,  and  with  almost  perpendicular 
bluffs  of  basaltic  rock  at  a  few  points. 

The  reservoirs  described  are  upon  the  north  branch  of  Tanner 
Creek,  which  flows  from  the  northwest  through  a  corner  of  the  City 
Park  and  unites  with  the  main  creek  at  the  head  of  the  brick  sewer  to 
which  reference  has  been  made.  The  total  length  of  this  branch  is 
somewhat  more  than  one  mile,  and  it  has  a  total  fall  of  about  500  ft. 
During  the  dry  season  the  flow  is  insignificant,  and,  for  several  months, 
it  disappears  almost  entirely. 

The  selection  of  this  ravine,  for  the  site  of  the  two  reservoirs  re- 
quired for  the  west  side  of  the  river,  was  due  chiefly  to  its  favorable 
location  for  securing  the  desired  elevation  at  the  most  accessible  point 
for  making  connection  with  the  system  of  pipes  then  in  use.  Besides, 
the  land  for  one  reservoir  was  already  owned  by  tbecity,  and  the  addi- 
tional ground,  needed  for  the  second  or  low-service  reservoir,  adjoin- 
ing the  City  Park  and  combined  with  it,  could  be  purchased  upon 
favorable  terms. 

There  are  other  ravines  of  a  similar  character  both  north  and  south 
of  Tanner  Creek,  but  none  more  accessible  or  apparently  more  favor- 
able as  a  reservoir  site.  The  location  of  the  reservoirs  upon  level 
ground,  or  outside  of  some  ravine,  was  not  regarded  as  feasible, 
within  the  required  limits  as  to  distance  and  elevation.  At  the  point 
chosen  for  the  reservoirs,  the  original  bed  of  the  ravine  was  quite  nar- 
row, from  20  to  50  ft.,  with  sides  slojiing  back  about  1  on  IJ  to  2^ 
horizontal,  to  a  height  of  about  50  ft.  on  the  east,  and  on  the  west  about 
100  ft.  above  the  bottom. 

The  material  composing  the  hillside,  as  far  as  appeared  from  the 
borings  and  examinations  made  before  the  excavation  of  the  reservoirs 
was  undertaken,  was  yellowish  sandy  clay  upon  the  surface,  but  only 
a  few  feet  in  dejith,  with  basaltic  rock  underneath.  Ihe  character  of 
the  underlying  rock  was  not  then  known,  further  than  what  could  be 
seen  at  several  points  where  a  bluff  a  few  feet  high  showed  rock  at  the 
surface,  and  at  one  point,  200  yds.  down  stream,  where  a  perpendicular 
bluff  50  ft.   high  was  exposed.     From  these  indications  the  general 
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basaltic  cliaracter  of  the  rock  -was  kuown.     Where  exposed,  the  rock 
was  full  of  seams,  but  appeai'ed  to  be  sound  and  in  place. 

Along  the  banks  of  Johnson  Creek,  which  flows  in  the  next  ravine 
north  of  Tanner  Creek,  about  oue-third  of  a  mile  from  Reservoirs  Nos. 
3  and  4,  similar  bluffs  of  basalt  can  be  seen,  a  road-metal  quarry  hav- 
ing been  opened  at  one  point  exposing  a  vertical  wall,  from  50  to  75  ft. 
high,  which  shows  plainly  the  general  character  of  the  material. 

Here  it  may  be  of  interest  to  note  the  following  account  of  the  geo- 
logical features  of  this  region,  quoted  from  "  A  Geological  Reconnois- 
sance  in  Northwestern  Oregon,"  by  Joseph  Silas  Diller.* 

"  If  the  whole  of  western  Oregon  subsided  200  ft.  in  all  i>arts,  so  as 
to  restore  at  least  in  some  measure  the  conditions  of  land  and  sea 
which  obtained  during  the  Pleistocene  epoch,  it  is  evident  that  the  sea 
would  flow  in  over  the  land,  making  a  large  bay  of  the  Columbia  and 
extending  up  the  valley  of  the  Willamette  as  far  as  Salem  "  {50  miles 
south  from  Portland).  "The  Pleistocene  water  body  in  its  general 
outlines  must  have  resembled  Puget  Sound,  and  to  designate  it  specifi- 
cally, as  alrealy  indicated.  Professor  Condon  called  it  Willamette 
Sound.  The  fertility  of  the  Willamette  Valley  is  largely  due  to  the 
sediments  dejiosited  in  it  during  the  time  it  was  a  sound,  and  some  of 
the  plains  aud  prairies  may  then  have  been  formed. 

"The  data  for  the  accurate  determination  of  the  depth  of  the 
water  in  Willamette  Valley  have  not  yet  been  fully  made  out,  biit  the 
evidence  already  known  to  Professor  Condon  indicates  that  the  water 
extended  as  far  south  as  Spencers  Butte,  three  miles  from  Eugene  " 
(125  miles  from  Poi-tland).  "  Judging  from  the  height  of  the  terraces 
on  the  Columbia,  near  the  month  of  the  Des  Chutes  "  (90  miles  east 
from  Portland),  "he  estimated  the  depth  of  the  Avater  over  the  place 
where  the  city  of  Portland  now  stands  to  have  been  325  ft.  This 
may  well  be,  and  yet 
when  we  study  the  de- 
posits of  which  the  hills 
about  Poi-tland  are  com- 
posed, a  much  greater 
depth  of  water  is  indi- 
cated. During  a  brief 
stav  in  Portland  a  rough 
section  was  made  up  the  Section  of  Portland  heights, 

1  ,   ,.  •         f  NEAR  GAMBRINUS  RAVINE. 

slopes  of  the  ravine  from 

r-  1      •  'W         T    1  l  =  Clay. 

Gambrinus      (or  Johnson  2  =  Basalt. 

Creek).   "  It  is  illustrated  "Fia.  15." 

by  Fig.  15.      The  city  is 

*  Seventeenth  Annual  Report,  United  States  Geological  Survey,  1895-1896,  Part  1. 
pp.  485  and  486. 
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largely  upon  the  modern  flood  plane  of  the  river,  and  is,  at  least  at 
a  number  of  points— for  example,  on  Washington  Street,  near  the 
Oregonian  Building— made  up  chiefly  of  clay.  The  lower  portion  of 
the  hill,  above  the  general  level  of  the  city,  is  made  up  of  basalt,  with 
occasional  masses  of  fine  sediments,  showing  traces  of  stratification. 
The  upi)er  portion  of  the  hill,  extending  from  the  top  of  the  lava, 
at  an  elevation  of  about  31(3  ft.,  to  the  general  plain  above,  which 
is  at  an  elevation  of  nearly  6(30  ft.  above  the  sea,  is  fine,  argillaceous 
sediment  closely  resembling  the  loess  of  the  Mississippi  Valley.  It  is 
in  places  distinctly  stratified  and  was  evidently  laid  down  underwater. 
If  this  material  was  deposited  in  the  Willamette  Sound  of  Condon, 
as  appears  to  be  the  case,  the  depth  of  water  at  Portland  must  have 


At   i)resent   too  little  is  known  of  the 


SECTION  OF  CLIFF 

AT  ALBINO, 

NEAR  PORTLAND,  ORE. 


l=SHnd. 

2=  Coarse  Gravel. 

3=Saud,  Pebbles  and  small  boulders. 

"  Fig.  16."' 


been  not  less  than  600  ft. 
geology  of  tbe  Portland 
region  to  assert  that  the 
fine  sediments  on  the 
heights  immediately  west 
of  Portland  were  deposited 
at  the  same  time  as  those 
along  the  coast. 

"At  the  north  end  of 
East  Portland,  near  Al- 
bino, a  blufi"  exjDoses  the 
section  shown  in  Fig.  16. 

"The  40  ft.  of  coarse 
sand  above  is  well  strati- 
fied, but  irregular  and 
cross  bedded.  This,  with 
the  4  to  10  ft.  of  conglom- 
erate next  below,  indicates  strong,  shifting  eui'rents.  The  lower  30  ft. 
of  the  exposiire  is  made  up  of  sand,  pebbles  and  bowlders  irregularly 
intermingled.  At  the  base  of  the  cliff,  and  occasionally  within  it,  are 
found  bowlders  of  soft  gray  or  yellowish  sandstone,  very  like  the 
Tertiary  sandstone  exposed  at  various  places  in  western  Oregon.  No 
fossils  were  found  at  this  point,  but  Dr.  David  Raffety  gave  me  a  frag- 
ment, collected  from  the  gravel  at  Brooklyn  Milis,  that  contains  Area 
inicrodenta  Conr.,  a  common  Miocene  form.  Brooklyn  Mills  is  at  the 
south  end  of  East  Portland.  The  bluft',  in  general  composition  and 
position,  is  jn-actically  a  continuation  of  the  one  at  Albino.  The  fos- 
sils found  at  Brooklyn  Mills  are  apparently  in  a  small  bowlder  derived 
from  the  Miocene,  and  indicate  that  the  gravels  in  which  the  bowlders 
occur  are  of  later  age  than  the  Miocene.  They  are  doubtless  Pleisto- 
cene, and  i^robably  younger  than  the  high-level  sediments  on  the 
opposite  side  of  the  river.  The  fossiliferous  Miocene  in  place  is  not 
known  to  the  writer  nearer  Portland  than  the  Scappoose,  in  Columbia 
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County,  or  Dilley,  in  Washington  Connty,  about  25  miles  away.  It  is 
l)i-obal)le,  however,  that  the  same  series  of  strata  occur  at  no  great 
distance  south  of  Porthmd,  and  in  the  Willamette  Valley  and  in  the 
hills  to  the  westward,  and,  furthermore,  they  jirobably  extend  beneath 
the  city,  where  they  are  covered  by  later  deposits." 

In  the  foregoing  extract,  it  will  be  noted  that  Professor  Diller  com- 
ments on  the  absence  of  fossils  in  this  vicinity,  as  far  as  at  present 
known,  from  whii-h  the  age  of  the  formation  could  be  determined.  As 
bearing  ui)ou  this  point,  the  writer  would  here  mention  a  fossil  which 
was  found,  on  December  31st,  1898,  in  one  of  the  excavations  at  the 
site  of  Keservoir  No.  3,  the  upper  reservoir  at  the  City  Park,  at  an 
approximate  elevation  of  218  ft.  above  the  sea  level.  The  fossil  was 
found  embedded  in  a  deposit  of  blue,  sandy  clay,  41  ft.  below  the  sur- 
face and  17  ft.  above  bed-rock,  in  connection  with  some  small  pieces 
of  wood  and  a  few  water- worn  i)ebbles. 

Concerning  the  classification  of  this  fossil,  Mr.  F.  A.  Lucas,  of  the 
National  Museum,  Washington,  D.  C,  writes  as  follows: 

"It  is  the  left  lower  molar  of  a  camel.  Its  worn  condition  renders 
it  very  difficult  to  identify,  but  it  is  probably  Camelops  kansamis  Leidy. 
This  species  has  been  ascribed  by  both  Leidy  and  Cope  to  the  Plio- 
cene, w'hile  Wortman  reports  it  from  the  Pleistocene." 

During  the  fall  of  1891  and  the  following  winter,  or  nearly  two 
years  prior  to  the  commencement  of  reservoir  construction,  a  cable 
railway  was  built  from  the  business  portion  of  the  city  westerly  to  the 
southeast  corner  of  the  City  Park.  Thence  it  continued  its  westerly 
cotu'se,  crossing  the  ravine  in  which  the  reservoirs  are  now  located 
and  ascending  the  steep  slope  of  the  ridge  for  a  distance  of  about 
1  500  ft.,  and  thence,  turning  to  the  north  along  Kingston  Avenue, 
it  followed  a  nearly  level  grade  for  about  1  200  ft.  to  the  terminus  of 
the  line.  In  its  last  course  along  Kingston  Avenue  the  road  crossed 
two  ravines,  the  first  upon  a  25-ft.  embankment,  and  the  second  upon 
a  timber  trestle,  40  ft.  high  and  300  ft.  long,  the  latter  being  across 
the  main  ravine  in  which  the  reservoirs  are  situated. 

The  photographs,  Fig.  1,  Plate  XVIII  and  Fig.  1,  Plate  XIX,  show 
the  reservoirs  and  the  sloping  hillside  on  the  west  from  different  points 
of  view,  the  cable  road  and  the  bridge  across  King  ravine,  to  which 
reference  has  already  been  made. 

The  view  shown  in  Fig.  1,  Plate  XVIII,  was  taken  on  September 
28th,  1897,  looking  south  from  the  point  of  the  ridge  northeast  from  the 
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cable  railway  bridge  on  Kingston  Avenue.  At  the  left  can  be  feeen  the 
gate-houses  at  Reservoirs  Nos.  3  and  4  and  the  valley  of  the  south 
branch  of  Tanner  Creek.  In  the  center  appears  the  terraced  ground 
at  the  left  of  which  can  be  seen  the  cluster  of  small  firs  marking  the 
soutliAvest  corner  of  City  Park.  In  the  center  of  the  terraces  can  be 
seen  the  temporary  pump-house  mariing  the  site  of  Shaft  No.  1.  On 
the  right  can  be  seen  the  railway  bridge,  and,  farther  on,  the  outline 
■of  the  "round  top,"  near  the  head  of  the  sliding  ground,  can  be  traced. 

The  photograph  shown  in  Fig.  1,  Plate  XIX,  was  taken  on  Septem- 
ber 22d,  1897,  looking  north  along  the  cable-railway  track  on  Kings- 
ton Avenue  from  a  point  on  a  ridge  south  of  the  moving  ground.  The 
90°  angle  in  the  track  is  shown  in  the  foreground.  A  short  distance 
Tjeyond  the  center  is  the  twisted  track  at  the  northern  margin  of  the 
moving  ground.  Kings  Heights,  north  of  Johnson  Creek,  appear  in 
the  distance. 

The  photograph.  Fig.  2,  Plate  XVIII,  was  taken  on  September  22d, 
1897,  looking  to  the  west  from  a  point  in  the  City  Park,  about  160  ft. 
northeast  from  Gate-house  No.  3.  On  the  left  can  be  seen  a  portion  of 
Reservoir  No.  4,  with  the  rip-rap  on  the  west  slope  above  the  roadway. 
In  the  center  can  be  seen  the  gatehouse  and  a  portion  of  the  dam  and 
Taasin  of  Reservoir  No.  3,  with  the  graded  slope  extending  to  the  Park 
l)oundary.  The  clump  of  trees  at  the  left  of  the  center  is  at  the 
southwest  corner  of  the  City  Park. 

The  highest  point  of  the  ridge  shown  near  the  center  is  approxi- 
mately 2  300  ft.  distant,  and  400  ft.  above  Reservoir  No.  3. 

On  the  right  can  be  seen  a  portion  of  the  buttress  built  against 
the  west  slope  of  Reservoir  No.  3. 

The  photograph,  Fig.  2,  Plate  XIX,  looking  west,  shows  the  angle 
in  the  cable-railway  track  just  east  of  Shaft  No.  6.  The  pressure  of 
the  slide  had  warped  the  track  out  of  i^osition,  the  rails  having  been 
bent  to  the  south.  When  this  movement  was  first  observed,  Septem- 
ber 2r)th,  1895,  the  lateral  movement  of  the  rail  amounted  to  about  6  ins. 
As  shown  in  the  photograjsh,  the  rail  is  18  ins.  from  the  original  jjosi- 
tion,  measured  at  an  angle  of  00°  from  the  horizontal.  A  similar 
movement  of  the  north  track  had  taken  place,  but  it  does  not  show  in 
the  photograph.  Toward  the  tojj  of  the  picture  a  vertical  bend  in  the 
south  rail  of  the  south  track  can  be  distinguished.  This  point  is  at 
the  east  side  of  the  "  ball  ground  "  landing,  where  there  is  a  break  in 
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tlie  grade.     It  has  been  observed  that  all  rail  joints  along  tbis  section 
of  the  track  are  tightly  closed. 

The  view  shown  in  Fig.  3,  Plate  XIX,  was  taken  on  September  28tb, 
1897,  looking  north  from  the  summit  of  the  ridge  near  the  old  ball 
ground  south  of  the  reservoirs.  On  the  right  can  be  seen  the  dam, 
gate-house  and  about  half  of  Eeservoir  No.  4,  and  also  the  power- 
house and  the  gate-house  and  jirincipal  part  of  Eeservoir  No.  3.  To 
the  west  of  the  power-house  and  Reservoir  No.  4  is  shown  the  roadway 
and  the  rip-rapi^ed  slope  above  it,  and  beyond,  and  farther  to  the  left, 
is  the  small  grove  at  the  southwest  corner  of  the  City  Park.  Still 
farther  west  can  be  seen  the  terraced  ground,  with  the  temporary 
pump-shed  at  Shaft  No.  1  standing  near  the  center. 

The  cable  road  was  completed  about  May,  1892,  and  put  into  oper- 
ation at  once.  During  the  construction  of  the  road,  the  owners  of  the 
property  west  of  the  City  Park  made  contracts  for  grading  and  ter- 
racing their  property,  with  a  view  of  offering  their  lots  for  sale,  the 
cable  road  having  been  extended  to  this  tract  solely  for  the  purpose 
of  making  this  property  accessible  and  desirable  as  a  residence  dis- 
trict. 

As  has  been  stated,  the  oj^eration  of  the  cable  road  was  begun  in 
May,  1892,  but  the  running  of  cars  was  discontinued  during  the  fol- 
lowing winter.  The  operation  of  the  road  was  again  commenced 
about  May,  1893,  and  continued  until  September,  1893,  when  it  was 
finally  susjjended  owing  to  the  removal  of  the  bridge  across  the  ravine 
at  the  site  chosen  for  Eeservoir  No.  4.  A  change  was  made  necessary 
by  the  beginning  of  work  on  the  reservoirs,  and  the  owners  of  the 
property  preferred  to  abandon  the  line  rather  than  reconstruct  the 
bridge  to  span  the  reservoir,  and  protect  it  jjroperly,  in  accordance 
with  the  terms  of  their  right-of-way  agreement. 

During  the  grading  of  the  property  west  of  the  reservoirs,  to  which 
reference  has  already  been  made,  ridges  were  cut  down  and  several  small 
ravines  filled,  without  providing  proper  underdrainage,  and,  in  the 
two  years  following,  other  ravines  were  filled  with  materials  furnished 
to  the  property  owners  by  the  contractors  who  were  excavating  the 
reservoirs.  In  the  bottom  of  two  of  the  larger  of  these  ravines,  rough 
log  culverts  were  built,  but,  evidently,  little  or  no  care  was  taken  to 
prevent  the  earth  from  sifting  through  the  chinks  between  the  logs, 
and  the  drains  soon  became  choked  and  useless. 
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At  one  point  in  the  ravine  west  of  the  cable  road  the  embankment 
formed  a  sliallow  pool.  For  the  purpose  of  draining  this  pool,  as  well 
as  street  intersections  lower  down  the  sloi)e,  the  property  owners 
constructed  a  terra  cotta  pipe  sewer,  some  8  or  10  ins.  in  diam- 
eter, laid  a  few  feet  below  the  surface,  and  leading  eastward  to  the 
l^ark  boundary. 

The  principal  part  of  the  work  just  outlined  was  comijleted  before 
the  excavation  for  the  reservoirs  was  begun.  The  excavation  for  both 
reservoirs  was  commenced  in  October,  1893,  and  carried  forward 
simultaneously  at  both  points  during  the  following  winter,  but  the 
work  was  not  entirely  completed  until  September,  1894. 

During  the  winter  of  1893-94  municipal  aflfairs  occupied  the  atten- 
tion of  a  large  committee  of  citizens,  styled  "  The  Committee  of  One 
Hundred,"  and  during  this  time  the  new  water-works,  then  in  process 
of  construction,  came  in  for  a  share  of  the  criticism  to  which  all 
branches  of  the  City  Government  were  being  subjected.  The  water- 
works being  entirely  under  the  control  of  "  The  Water  Committee," 
consisting  of  fifteen  of  the  leading  aud  substantial  men  of  the  city — 
named  for  the  position  in  the  legislative  act  authorizing  the  work — 
their  management  was  not  to  be  imi:)eached,  but  the  engineers  of  the 
Water  Committee  were  criticised  by  some  members  of  the  Committee 
of  One  Hundred  for  recommending  the  location  of  important  reser- 
voirs in  the  City  Park.  As  a  result  of  these  criticisms,  the  Water 
Committee  called  upon  their  engineers  for  a  report  on  the  condition 
of  the  work.  Incompliance  with  this  request,  the  engineers  submitted 
the  following  statement: 

"  On  account  of  the  elevation  of  the  headworks  on  Bull  Eun,  the 
fall  required  to  overcome  the  friction  of  the  water  in  the  pipe  and  the 
allowable  pressure  on  the  city  mains  and  the  submerged  pipe  under 
the  Willamette  River,  the  reservoir  must  be  placed  at  an  elevation  of 
about  300  ft.  above  the  base  of  city  grades. 

"By  survey  made  from  the  southern  to  the  northern  boundary  of 
the  city,  it  was  ascertained  that  all  the  lands  at  this  elevation  were  on 
a  steep  hillside  ;  that  the  reservou-  could  only  be  constructed  in  ravines 
in  which  the  required  capacity  could  be  obtained  by  dams  of  moderate 
height,  and  the  depression  in  the  City  Park  was  best  suited  for  the 
purpose  of  a  reservoir,  and  was  the  only  one  into  which  the  water  could 
be  discharged  without  encountering  great  and  almost  insuperable  diffi- 
culties in  the  extension  of  the  sui3ply  main  from  the  crossing  of  the 
Willamette  River  westward.     From  borings  and  test  jiits  made  on  the 
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side  slopes  of  the  ravine,  it  was  ascertained  that  the  material  was  a 
light  surface  soil,  underlaid  with  clay  and  hardpan  resting  on  solid 
rock,  as  shown  on  plans  and  s(>ctions  recently  laid  before  the  Water 
Committee  and  Messrs.  Woodward,  Houeymau  and  Foley  of  the  Com- 
mittee of  One  Hundred. 

"  The  dam  proposed  will  rest  on  solid  rock  at  the  sides  and  bottom, 
and  the  lining  of  the  sides  on  clay,  hai-dpan  or  rock,  for  which  purpose 
all  the  loose  surface  will  be  removed.  Around  the  reservoirs,  about 
5  ft.  above  the  surface  of  the  water,  there  will  be  a  berm  10  ft.  in  width, 
along  which  will  be  laid  culverts  and  drains  to  carry  away  the  water 
running  from  adjacent  lands. 

"  It  was  stated  by  Mr.  Woodward,  in  conference  with  the  Committee 
on  Monday  last,  that  he  did  not  apprehend  danger  from  failure  of  the 
dam  or  leaks  from  the  reservoir,  but  that  the  lands  of  the  King  Koal 
Estate  Company  sloping  downward  to  the  west  line  of  the  City  Park, 
and  resting  on  a  bed  of  clay,  underlaid  by  rock,  that  this  clay  when 
exposed  to  the  action  of  water  would  become  soft  and  slippery,  so  that 
the  whole  hillside  would  slide  down  into  the  upper  reservoir,  and  be 
dumped  into  the  lower,  causing  the  destruction  of  both  and  loss  of  life 
and  property  from  the  discharge  of  water  contained  in  the  reservoirs. 
He  also  stated  that  should  there  be  a  dip  in  the  strata  of  rock  at  the 
foot  of  the  hill  and  a  rise  toward  the  reservoir  the  danger  of  a  slide 
would  be  obviated. 

"The  construction  of  roads  and  terraces  on  the  lands  of  the  King 
Real  Estate  Company,  and  the  wash  of  small  streams  caused  by  recent 
heavy  rains,  furnish  ample  data  to  observe  the  nature  of  the  soil  and 
the  underlying  strata  of  clay  and  rock.  From  the  top  to  the  bqttom 
of  the  hill,  the  rock  crops  out  in  places,  indicating  that  there  is  no 
great  depth  to  the  surface  soil.  At  the  points  Avhere  the  rock  is  ex- 
posed there  are  no  indications  of  a  slippery  subsoil  or  tendency  to 
slide.  The  slopes  are  not  deep,  and  extend,  not  to  the  reservoirs,  but 
to  a  depression  at  the  foot  of  the  hill,  on  the  west  line  of  the  City 
Park,  along  which  there  is  a  road  leading  to  the  bridge  in  the  City 
Park  belo^v  the  reservoir.  On  the  western  edge  of  the  reservoir  there 
is  another  road,  and  between  the  two  there  is  a  knoll  extending  400  ft. 
north  of  the  dam.  Looking  from  the  east  side  of  the  reservoir  toward 
the  deer  park,  the  land  appears  to  rise  continuously  to  the  top  of 
King's  Hill,  but,  as  above  stated,  there  is  a  road  and  depression  on  the 
other  side  of  the  knoll,  from  which  there  is  a  gentle  slope  to  the  top  of 
the  hill. 

"Within  the  deer  park  the  depth  of  the  surface  is  not  known,  but 
the  rock  crops  out  on  the  east  side  and  west  side,  and  to  the  north, 
and  the  cost  would  not  be  great  to  strip  the  rock  so  there  would  be  no 
danger  of  a  slide  or  damage  to  a  reservoir  should  a  slide  occur.  To 
the  north  of  the  deer  park  and  on  the  land  of  the  King  Real  Estate 
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Comically,  there  hal  been  a  surface  slide  extending  down  to  the  upiier 
edge  of  the  reservoir,  but  this  slide,  as  well  as  the  others  which  have 
occurred  at  both  reservoirs,  can  be  traced  to  the  action  of  a  small 
stream  of  water  which  has  run  over  the  surface  soil  and  saturated  it  to 
the  clay  on  which  it  rested.  This,  and  all  the  others,  are  small  and 
local,  and  can  be  easily  remedied. 

'' The  side  slopes  of  the  reservoir  have  not  yet  been  cut  down  to 
firm  materials,  and  the  wash  of  the  surface  soil  by  the  hea\'y  rains  of 
last  winter  gives  to  the  excavation  a  very  rough  apjjearance;  but  there 
Lave  been  no  large  displacements  or  slides,  and,  in  our  opinion,  there 
is  no  danger  in  the  future  of  any  slide  of  suflScient  magnitude  to  injure 
the  reservoirs." 

The  bridge  referred  to  in  the  foregoing  report  crossed  the  ravine 
immediately  in  front  of  Dam  No.  3,  affording  access  to  the  elk  barn  and 
enclosure  which  formerly  occupied  the  summit  of  a  small  knoll  200 
ft.  from  the  west  end  of  the  dam. 

The  depression  near  the  west  line  of  the  City  Park  was  filled,  dur- 
ing the  reservoir  coostruction,  with  materials  excavated  from  the  basin 
of  Reservoir  No.  3.     See  Fig.  2,  Plate  XVIII. 

The  publication  of  this  rej)ort  seemed  to  quiet  the  fears  which 
had  been  aroused  by  the  statements  made  before  the  Committee  of 
One  Hundred,  and  public  interest  in  the  matter  soon  began  to  wane. 
The  final  report  of  the  Committee  of  One  Hundred,  submitted  to  the 
citizens  several  months  later,  contained  no  reference  to  the  reservoir 
investigation. 

In  the  light  of  subsequent  developments,  the  foregoing  report  of 
the  engineers  of  the  Water  Committee  appears  to  indicate  a  failure  to 
comjarehend  the  magnitude  of  the  difficulties  with  which  they  had  to 
contend,  but,  for  such  failure,  the  writer  has  no  words  of  criticism  to 
offer.  He  was  at  that  time  a  member  of  the  engineering  staff,  and, 
although  indirectly  connected  with  the  work  in  question,  he  was 
acquainted  with  the  circumstances  of  the  case,  as  then  understood, 
and  was  in  entire  accord  with  the  position  taken  by  the  engineers  in 
their  report. 

The  engineers  state  in  their  report  that  it  was  claimed  by  some  that 
the  hills  west  of  the  reservoirs  were  of  clay  resting  on  rock;  that  the 
clay  would  slip  and  slide  when  wet;  and  that,  in  consequence  of  such 
slides,  the  reservoirs  would  be  suddenly  filled  and  the  water  they  con- 
tained 8i)illed  out,  causing  great  loss  of  life  and  i^roperty. 

Presumably  this  oinnion  was  based  upon  what  could  be  seen  upon 
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the  surface  near  tlie  reservoir,  in  addition  to  what  was  known  of  the 
material  at  points  in  other  ravines  where  slides  had  occurred  in  for- 
mer years.  That  no  person  at  that  time  had  any  conception  of  the 
existence  of  a  deep-seated  movement,  of  the  magnitude  that  has 
since  been  developed,  is  made  evident  by  the  fact  that  they  predicted 
surface  slides  which  woiild  suddenly  till  the  reservoirs  and  cause 
death  and  loss  of  property  by  the  flooding  of  the  low  ground  below 
the  dams. 

In  examining  the  ground  adjacent  to  the  reservoirs,  the  engineers 
found  only  indications  of  small  surface  slips.  These  they  thought 
could  be  rectified,  and  the  ground  made  stable  at  small  expense,  and 
they  therefore  reported  in  favor  of  continuing  the  work.  It  can  now 
be  seen  that  the  engineers  were  mistaken  in  their  judgment,  and  failed 
to  realize  the  magnitude  of  the  forces  arrayed  against  them.  The  slide, 
which  was  even  then  doing  its  destructive  work,  was  not  near  the  sur- 
face of  the  ground,  and  hence  not  apparent  to  the  ordinary  observer. 
Even  those  who  had  early  knowledge  of  a  movement  upon  difiereut 
portions  of  the  "  sliding  land,"  as  it  is  called,  failed  to  connect  and 
uni^e  them  into  one  harmonious  whole,  and  so  far  failed  to  estimate 
properly  the  extent  of  the  movement  which  was  taking  place. 

The  surveys  and  borings  which  determined  the  selection  of  the 
City  Park  as  the  site  for  the  reservoirs  were  made  chiefly  during  the 
year  1887,  supplemented,  however,  by  additional  borings  made  early 
in  the  year  1893. 

The  work  of  reservoir  constiiiction  was  pushed  rapidly  during  the 
spring  and  summer  of  1894,  grading  for  reservoir  basins,  work  upon 
concrete  linings  and  the  massive  concrete  dams  for  both  reservoirs  be- 
ing in  progress  at  the^same  time.  The  excavations  for  the  reservoir 
basins  were  not  completed  until  about  September  1st,  1891. 

In  the  early  part  of  August,  and  before  the  west  slope  of  Reser- 
voir No.  4  had  been  cut  down  to  its  intended  position,  a  slip  in  the 
bank  was  noted  about  mid^\ay  on  the  slope  opposite  a  point  where  the 
basin  was  about  30  ft.  deep.  (This  point  is  marked  by  a  cross  in  Fig. 
2,  Plate  XX.)     The  slopes  of  the  reservoir  basin  were  1  on  IJ. 

The  line  of  this  slip  was  found  to  be  along  a  seam  between  strata 
of  blue  and  yellow  clay,  the  yellow  clay  being  above  the  blue.  The 
slope  of  the  seam  was  found  to  be  1  vertical  and  10  horizontal,  the  dip 
being  westward  into  the  hill. 
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Concerning  the  character  of  the  deposits  of  blue  and  red  or  yellow 
clay,  which  were  uncovered  at  this  point,  and  which  have  figured 
largely  in  all  subsequent  explorations,  the  following  may  be  said :  The 
deep  yellow  and  red  clays  found  at  different  points  are,  as  a  rule,  quite 
plastic  and  contain  little  sand.  Evidently,  they  were  formed  by  the 
decomposition  of  the  lava,  which  at  different  periods  has  overflowed 
this  region,  and  were  colored  by  the  iron  in  the  rock.  Some  beds 
were  found  where  this  process  of  decomposition  seems  not  to  have 
been  complete,  for  the  texture  of  the  material  was  coarse,  containing 
grains  and  small  fragments  of  the  rock  incorporated  with  the  clay, 
but  the  finer  materials  were  all  of  the  same  reddish  or  yellow  color. 
The  blue  clay  differed  from  the  red  in  some  of  its  characteristics. 
When  found  in  thin  seams  near  bed-rock,  it  was  tough  and  plastic, 
but  when  found  in  considerable  bodies  at  higher  levels  it  con- 
tained quite  an  appreciable  portion  of  fine  sand.  When  dry  it  was 
hard  to  pick,  and  a  vertical  bank  would  stand  without  sujjport. 
When  placed  in  water  it  soon  crumbled  into  an  incohesive  mass.  The 
general  characteristics  of  this  clay  indicate  its  sedimentary  origin,  in 
some  deposits  small  pieces  of  wood  and  water-worn  pebbles  being 
found  in  connection  with  it.  In  his  later  treatment  of  this  material, 
the  writer  has  described  it  as  "blue  quicksandy  clay  "  as  best  indicat- 
ing its  character. 

Owing  to  the  loose  material  on  the  face  of  the  untrimmed  bank  at 
Reservoir  No.  4,  the  extent  of  the  slip,  referred  to  above,  was  not 
determined  for  several  days,  and  it  was  thought  to  be  merely  a  local 
slip  which  extended  but  a  few  feet  above  the  berm  at  the  top  of  the 
reservoir  slope.  In  fact,  there  was,  at  about  this  time,  and  near  the 
same  point,  a  local  slip  extending  a  few  feet  into  the  bank,  which  was 
subsequently  refilled  and  a  part  of  the  parajjct  wall  and  slope  lining 
built  over  it. 

After  a  few  days'  observation  of  the  movement  of  this  slide,  it  was 
found  that  the  break  in  the  ground  extended  about  200  ft.  south  and 
100  ft.  north  from  the  point  where  it  first  appeared,  making  a  total 
length  along  the  reservoir  slope  of  approximately  300  ft.  When  first 
observed,  and  for  several  days  thereafter,  the  movement  was  at  the 
rate  of  ^  in.  per  day,  but  this  did  not  continue  long. 

The  plan  adopted  to  overcome  this  difiiculty  was  to  build  a  con- 
crete retaining  wall  in  front  of  the  slip  and  below  the  reservoir  lin- 
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^ ^,P 

CONCRETE  RETAINING  WALL, 

BELOW  RESERVOIR  LINING 

AT  "slip" 

Fig.  i. 


ing.  This  wall  was  of  the 
dimensions  shown  in  Fig.  1, 
for  a  total  length  of  about 
320  ft. 

At  the  time  this  wall  was 
being  built,  a  drainage  tunnel 
was  constructed  in  the  rear  of 
the  wall,  following  as  closely 
as  possible  the  seam  dividing 
the  blue  clay  from  a  deposit 
of  yellow  clay  with  a  mixture 
of  loose  rock,  which  was  found 
to  be  water-bearing.  The  tun- 
nel extended  the  full  length 
of  the  buttress,  and  from  50  to  100  ft.  westward  therefrom.  Several 
small  pockets  of  water  were  tapped  and  drained  into  the  sewer  through 
pipes  laid  in  this  tunnel  during  its  construction. 

After  the  completion  of  this  wall  it  was  observed  carefully  for  some 
days,  and,  no  further  movement  appearing,  it  was  thought  that  the 
retaining  wall  and  drainage  tunnel  acting  in  conjunction  had  been 
effective  in  checking  the  movement.  Accordingly,  the  lining  of  the  west 
slope  was  completed  and  the  reservoir  made  ready  for  use  in  accordance 
with  the  original  design.  The  filling  of  the  reservoir  was  completed 
on  December  17th,  1894. 

The  work  at  Reservoir  No.  3,  the  upper  or  high-service  reservoir, 
will  be  described  next. 

Early  in  September,  1894,  the  work  on  this  reservoir  had  pro- 
gressed so  far  that  the  lining  had  been  completed  on  the  bottom  and 
the  west  slope,  when  the  discovery  was  made  that  the  concrete  lining  in 
the  bottom  had  bulged  up  at  one  point,  just  north  of  the  center,  from 
some  cause  then  unknown.  A  few  days  later,  September  8th,  this  break 
was  repaired,  but  before  the  end  of  the  month  another  one  was  discov- 
ered in  the  bottom,  near  the  foot  of  the  west  slojje  and  opposite  the 
former  break.  This  time  the  difJ^'-ulty  was  thought  to  be  due  to  quick- 
sand and  clay  in  the  bank  behind  the  facing  of  more  stable  materials 
upon  which  the  slojje  lining  had  been  laid. 

To  meet  the  dilBculty  encountered  at  this  point  it  was  decided  to 
construct  a  concrete  buttress  wall  about  100  ft.  in  length,  and  of  the 
general  dimensions  shown  in  Fig.  2. 


336 


A    PHENOMENAL   LAND    SLIDE. 


At  the  same  time  that  the  construction  of  tliis  biittress  wall  was  in 
pi'ogress,  work. was  begvm  on  a  drainage  tunnel  to  run  into  the  bank 
west  of  the  reservoir,  at  the  berm  level,  for  the  purpose  of  draining 
away  any  water  which  might  reach  the  reservoir  from  that  direction. 
The  construction  of  the  buttress  wall  and  the  drainage  tunnel  at  the 
berm  level,  occupied  about  one  month,  and  occasioned  some  delay,  but 
the  reservoir  was  completed  and  ready  for  use  early  in  December. 

No  further  movement  of  the  bank  was  observed  until  the  very  day, 
December  14th,  1894,  the  reservoir  was  being  filled,  when  two  cracks 
in  the  bottom  were  discovered  near  the  south  end  of  the  buttress 
completed  but  a  short  time  before,  but  the  full  significance  of  these 
new  cracks  was  not  discovered  until  after  the  reservoir  had  been  filled. 


I — "* 

/      \  Tunnel 


CONCRETE  BUTTRESS  AT  RESERVOIR  NO.  3. 
Fig.  2 

Directions  were  given  at  once  to  have  the  reservoir  emptied,  which 
was  accomplished  on  December  2(Hh. 

From  the  examination  which  followed  the  draining  of  the  reservoir 
it  was  concluded  that  the  difficulty  was  caused  by  the  presence  of 
Avater  in  the  adjacent  bank  west  of  the  reservoir  basin,  and  steps  were 
at  once  taken  to  construct  a  drainage  tunnel  behind  the  reservoir  lin- 
ing, as  had  been  done  at  Reservoir  No.  4  some  months  before,  but  this 
time  on  a  grade  parallel  with  the  bottom  of  the  reservoir  basin. 

This  tunnel  had  its  outlet  connecting  with  the  sewer  at  a  point 
between  the  power-house  and  Dam  No.  3,  and  was  located  along  the 
margin  of  the  bed  of  loose  rock  and  clay  which  explorations  had 
shown  to  exist  in  the  bank  on  the  west  of  the  reservoir.  The  con- 
struction of  this  tunnel  occupied   several  months,  and  when  it  had 
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Reservoir  No.  4.     Cracks  in  Parapet  Wall  and  West  Slope. 
Photograph  Taken  September  3Hth.  1897. 


Fig.  2.— Reservoir  No.  4.    Crack  in  Otter  Edge  of  Inclined  Roadway,  and 

IN  Face  of  Slope  Above  Sub-Ketaining  Wall,  Photograph 

Taken  September  3^th,  IHStr. 
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been  completed  along  the  entire  western  margin  of  the  reservoir  to  its 
northern  extremity,  at  no  point  more  than  100  ft.  from  the  foot  of  the 
reservoir  slojje,  it  was  thought  that  a  satisfactory  solution  of  the 
whole  difficulty  had  been  reached.  Drain  pipes  were  therefore  placed 
in  the  bottom  of  the  tunnel,  and  the  excavated  material  was  replaced, 
in  the  expectation  that  all  needed  drainage  and  jjrotection  work  had 
been  done. 

While  this  tunnel  work  was  in  progress,  surveys  wei'e  begun  for 
the  purpose  of  determining  the  extent  of  the  movement  at  both 
reservoirs.  The  indications  of  pressure  against  the  reservoir  walls 
were  more  pronounced  at  Reservoir  No.  4  than  elsewhere,  but  even 
there  they  were  not  so  serious  as  to  prevent  the  basin  being  at  least 
partially  filled  from  December,  1894,  until  the  following  September, 
The  first  evidence  of  pressure  against  the  walls  of  the  comjileted 
reservoir  was  noticed  about  the  middle  of  January,  1895,  or  a  few 
weeks  after  the  basin  was  first  filled,  when  a  small  crack  appeared  in 
the  west  parapet,  near  the  old  cable  railway  crossing.  Other  cracks 
soon  appeared,  increasing  in  number  and  size,  until  the  middle  of 
April,  when  the  parapet  was  broken  in  several  places  and  the  lining  was 
cracked,  parallel  with  and  about  6  ft.  below  the  berm  walk,  for  a 
distance  of  about  300  ft.  An  examination  made  at  this  time  showed 
that  the  upper  part  of  the  lining  and  a  portion  of  the  parapet  wall 
had  been  lifted  clear  of  the  ground  and  the  wall  tilted  to  the  west. 

The  view  shown  in  Fig.  1,  Plate  XX,  was  taken  on  September  28th, 
1897,  looking  west  from  the  north  end  of  the  dam  at  Eeservoir  No.  4, 
and  shows  the  cracks  in  the  parapet  wall  and  the  west  sloj^e,  indicat- 
ing a  movement  of  the  bank.  The  jaosition  of  the  concrete  retaining 
wall,  built  under  the  slojje  lining  during  the  construction  of  the  reser- 
voir, is  indicated  by  the  upper  line  of  horizontal  cracks  about  midway 
on  the  slope.  The  retaining  wall  for  the  roadway  and  the  rip-rap  face 
of  the  original  excavation  are  shown  above  the  parapet  wall.  Breaks 
in  the  rip-rap,  due  to  the  slide,  can  be  traced  at  the  upper  left  margin. 

The  photograph  shown  in  Fig.  2,  Plate  XX,  was  taken  on  Septem- 
ber 28th,  1897,  looking  south  along  the  west  slope  of  Reservoir  No.  4, 
from  a  point  on  the  parapet  wall  in  front  of  the  power-house.  It 
shows  the  crack  in  the  outer  edge  of  the  inclined  roadway  and 
in  the  face  of  the  slope  above  the  sub-retaining  wall,  and  also  the 
breaks  in  the  parapet  wall  with  the  concrete  sloj^e  lining  crowded 
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nearly  to  the  top  of  the  wall  by  reason  of  the  pressure  of  the  mov- 
ing ground.  The  maximum  observed  movement  of  the  parapet  wall 
from  December  31st,  1894,  to  October  11th,  1897,  was  3.24  ft. 

Soon  afterward,  that  i>ortion  of  the  lining  above  the  crack  was  re- 
moved, and  after  this  had  been  done  the  parapet  retui'ned  nearly  to 
its  original  jjosition.  In  doing  this  work,  a  break  was  found  in  a  4-in. 
pipe,  which  had  been  laid  under  the  berm  walk  for  the  siipply  of  a 
series  of  jets  aroiind  the  margin  of  the  basin;  and,  at  another  point 
on  the  same  pipe,  a  branch  was  found  to  have  been  jjlugged  with  con- 
crete instead  of  iron,  and  it  was  thought  that  these  defects,  by  allow- 
ing the  escape  of  water,  had  been  instrumental  in  causing  a  settlement 
under  the  concrete  lining  and  parapet.  It  was  also  recalled  that  the 
breaks  appeared  first  near  the  jjoint  where  a  short  section  of  the 
parapet  had  been  built  upon  made  ground,  on  account  of  a  small  slide 
which  occurred  before  the  reservoir  was  completed.  These  facts  are 
mentioned  simj^ly  to  show  that  all  were  groping  in  the  dark  in  search 
of  some  explanation  of  what  was  taking  place  before  their  eyes.  The 
surveys  made  at  this  time  indicated  that  a  slight  movement  of  the 
parapet  wall  had  taken  place,  but  it  was  not  considered  sufficient  to 
exjilain  the  cracks  in  the  concrete  lining  and  parapet. 

During  June  and  J^^ly,  1895,  the  slight  movement  which  had  been 
noticed  ceased  so  nearly  that  it  was  deemed  safe  to  begin  the  repair  of 
the  reservoirs  in  order  that  they  might  be  used.  Accordingly,  August 
and  September  were  devoted  principally  to  this  work.  While  repairs 
were  being  made  at  Reservoir  No.  3,  additional  drains  were  laid  under 
the  floor  and  on  the  west  slojje,  as  it  was  thought  that  they  would 
prove  a  safeguard  to  j^rotect  the  concrete  work.  This  was  a  vain  hope, 
however,  for  the  repairs  on  the  reservoirs  had  hardly  been  comi)leted, 
and  the  basins  partially  filled  with  water,  before  it  became  apparent 
that  the  pressure  from  the  adjacent  banks  was  as  great  as  ever.  This 
was  shown  by  the  appearance  of  new  cracks  in  the  lining  and  parapet 
walls,  and  by  the  increased  movement,  as  indicated  by  a  re-survey  of 
the  range  lines  established  during  the  jirevious  January. 

The  repairs  referred  to  above  included  an  increased  thickness  of  con- 
crete ui^on  the  reservoir  floor,  making  a  total  thickness  of  about  10  ins. 
Prior  to  this  time  the  foundation  of  the  buttress  moved  with  the 
pressure.  The  subsequent  movement  caused  the  wall  to  break  at  the 
angle,  from  4  to  6  ft.  above  the  reservoir  floor.  See  Figs.  1  and  2, 
Plate  XXI. 
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Photograph  Taken  September  •Zfi'iH,  1897. 
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This  view  was  taken  on  Sei)tember  28th,  1897,  looking  west  from  a 
point  on  the  east  parapet  of  Reservoir  No.  3,  oi)posite  the  buttress.  It 
shows  the  horizontal  crack  in  the  buttress  and  the  principal  breaks  in 
the  west  slojje  and  parai)et.  The  i>hotograi)h  shown  in  Fig.  2,  Plate 
XXI,  was  taken  on  September  28tli,  1897,  looking  south  from  a  i)oint 
on  the  parai)et  at  the  north  end  of  Reservoir  No.  3.  The  cracks  in  the 
buttress  are  shown  on  the  left.  At  the  right  margin  can  be  seen  the 
northern  limit  of  the  broken  parajietand  slope  lining.  The  maximum 
observed  movement  of  the  parapet  from  December  31st,  1894,  to 
October  11th,  1897,  was  1.69  ft. 

From  statements  already  made,  it  will  be  seen  that,  from  the  first, 
numeroixs  theories  were  advanced  to  explain  the  cause  of  the  difficulty 
with  which  the  engineers  were  contending.  At  one  time,  the  move- 
ment at  Reservoir  No.  4  was  thought  to  be  due  entirely  to  a  dejiosit  of 
"  quicksandy  clay"  behind  the  buttress  which  had  been  built  under 
the  lining  before  the  reservoir  was  comjjleted.  The  tunnel  was  then 
draining  considerable  water  from  the  vicinity  of  this  deposit,  but 
apparently  without  effect. 

By  direction  of  the  chief  engineer,  during  March,  1895,  the  writer 
corresijonded  with  Robert  L.  Harris,  M.  Am.  Soc.  C.  E.,  since 
deceased,  inquiring  if  his  jirocess  for  handling  quicksand  could  be 
used  to  advantage  in  solidifying  the  material  in  situations  similar  to 
this,  which  was  described  to  him.  Mr.  Harris  stated  in  rej^ly  that  he 
did  not  think  that  his  process  would  be  applicable,  and  said  he  thought 
the  hillside  was  moving  forward  on  a  seam  in  the  clay  and  that  the 
movement  was  caused  by  a  "hidden  spring,"  as  occurred  in  a  case  in 
his  own  practice  where  he  ran  a  tunnel  to  the  spring,  and,  by  removing 
the  water,  stopped  the  slide. 

The  cause  of  the  movement  suggested  by  Mr.  Harris  w^as  not  deemed 
to  be  within  the  bounds  of  possibility,  for  the  thought  of  the  move- 
ment of  the  whole  mountain  side  was  an  alarming  one,  but  Avhen,  during 
the  autumn,  it  was  noticed  that  the  movement  was  still  in  progress, 
even  after  the  lapse  of  several  months  of  dry  w^eather,  a  new  and  more 
vigorous  search  was  begun,  in  order  to  determine  the  point  where  the 
slide  could  have  originated. 

The  writer  was  cognizant  of  the  statements  that  had  been  made,  to 
the  effect  that  the  whole  hillside  was  jjart  of  an  old  slide,  but  not  for  a 
long  time,  and  only  after  repeated  examination,  was  he  able  to  deter- 


340  A    PHENOMENAL   LAND    SLIDE. 

miue,  even  approximately,  tlie  boundaries  of  the  ground  which  might 
be  said  to  form  jsart  of  an  "old  slide."  The  ground  adjacent  to  the 
reservoirs  was  examined  carefully  for  surface  cracks  which  it  was 
thought  would  certainly  api^ear  at  some  point  within  reach  of  an  ordi- 
nary slope  upward  from  the  reservoir  bottom.  That  such  surface  signs 
should  not  be  found  within  a  distance  of  600  ft.,  or  that  the  slope  of 
the  break  should  be  flatter  than  1  on  3,  was  then  undreamed  of  and 
not  deemed  to  be  within  the  bounds  of  possibility. 

Gradually  the  limits  of  the  examination  were  enlarged,  until,  on 
September  23d,  while  exploring  the  vicinity  of  the  old  cable  track  on 
Kingston  Avenue,  the  writer  detected  a  slight  bend  in  the  rails. 

During  the  week  following  this  discovery  further  explorations  were 
made,  and  instrumental  surveys  as  well,  which  resulted  in  locating  the 
head  of  the  slide  in  a  marshy  depression  in  the  hills  about  600  ft.  west 
of  the  cable  track,  and  some  1  700  ft.  or  more  from  the  reservoirs.  The 
"  round  top  "  or  knoll  apparently  at  one  time  formed  a  part  of  the 
ridge.  The  marshy  depression  in  front  of  the  knoll,  to  which  reference 
has  been  made,  is  semi-circular  in  shape,  about  300  ft.  long  and  from 
30  to  60  ft.  wide.  The  rim  of  the  basin  at  the  southeastern  end  was 
not  more  than  2  or  3  ft.  above  the  level  of  the  marsh,  and  therefore 
the  water  stored  coiild  not  have  been  of  a  greater  depth.  When  dis- 
covered, there  was  no  water  standing  on  the  surface,  but  the  ground 
was  moist  in  places  and  covered  with  swamp  grass,  weeds  and  brush. 
Subsequently,  the  peaty  formation  was  found  to  be  from  15  to  20  ft. 
deep,  with  clay  underneath. 

That  the  movement  must  have  been  in  progress  for  months,  or  years, 
was  shown  by  the  deflection  in  the  alignment  of  the  cable  track  at  the 
center  of  the  slide,  which  amounted  to  2. 2  ft.  maximum,  as  determined 
by  the  instrumental  observations,  assuming  that  the  track  was  laid  out 
originally  as  a  tangent  for  the  entire  distance  along  Kingston  Avenue, 
which  is  known  to  have  been  the  case.  The  examinations  also  showed 
the  entire  absence  of  all  surface  cracks,  parallel  with  the  reservoirs,  at 
any  point  between  the  reservoir  basins  and  the  swampy  ground  at  the 
head  of  the  slide.  A  sign  of  the  movement  was  foiand  at  one  interme- 
diate point,  however,  as  shown  in  Fig.  2,  Plate  XIX.  This  point  was  at 
an  angle  in  the  cable  railway  in  its  western  course  up  the  hill,  and 
about  500  ft.  from  Reservoir  No.  4.  The  angle  in  the  track  at  this 
point  is  about  18°;  the  distortion  of  the  rails,  however,  when  first 
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noticed,  was  about  one-tliiid  as  great  as  showB  in  tbe  photograph,  the 
latter  not  having  been  taken  until  June  24th,  1898,  or  nearly  three  years 
after  the  movement  was  first  discovered. 

As  the  result  of  these  examinations,  it  was  decided  to  begih  at  once 
a  series  of  instriimentai  measurements  to  determine  whether  the  slid- 
ing ground  was  really  as  extensive  as  recent  developments  indicated. 
In  pursuance  of  the  plan  then  adopted,  several  range  lines  were  estab- 
lished, with  their  terminal  points  widely  removed  from  the  vicinity  of 
the  suspected  groimd,  each  line  having  a  number  of  intermediate  sta- 
tions located  so  as  to  be  observed  easily  and  accurately,  and  at  the 
same  time  be  on  supposedly  moving  ground. 

During  the  latter  part  of  1895,  and  the  first  six  months  of  1896, 
twenty-nine  of  these  range  lines  were  established,  about  half  of  which 
were  observed  at  intervals  of  about  one  month  for  a  period  of  from 
three  to  five  years,  and  several  have  been  observed  to  the  present  time. 
The  lines,  at  first,  were  established  so  as  to  cover  a  wide  range  of  ter- 
ritory, for  it  was  thought  jjossible  that  the  movement  of  the  hillside 
might  be  more  extensive  than  then  appeared  from  any  visible  signs, 
and  therefore  several  of  the  ranges  were  extended  to  the  summits  of 
the  highest  ridges  in  sight  upon  the  north  and  south  sides  of  the  sup- 
posed sliding  ground.  After  a  few  months'  trial  the  observation  of 
these  long-range  lines  was  discontinued,  for  it  soon  became  evident 
that  the  movement  was  confined  to  the  ground  lying  to  the  west  of  the 
reservoirs  and  within  the  limits  of  the  ravines  extending  west  from 
the  City  Park. 

Some  range  lines  were  also  established  early  in  1895,  with  reference 
to  the  movement  of  the  parapet  wall.  When  it  became  apparent  that 
the  movement  extended  for  a  considerable  distance  from  the  parapet 
walls,  preference  was  given  to  observations  on  lines  having  points  set 
in  the  ground,  for  it  was  noticed  that  the  pressure  against  the  parapet 
wall  was  not  uniform,  and  that,  in  jDlaces,  the  wall  was  being  tilted  to 
the  west. 

In  1895,  when  most  of  these  range  lines  were  established,  no  sur- 
face signs  of  movement,  other  than  the  curvature  in  the  cable-railway 
tracks  and  the  breaks  in  the  lining  and  paraj^et  walls  of  the  reservoirs, 
were  apparent  at  any  point,  excepting  a  few  small  cracks  in  the 
ground  in  the  vicinity  of  the  marsh  at  the  head  of  the  slide.  The 
surface  of  the  ground,  between  the  reservoirs  and  the  cable  road  on 
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Kingston  Avenue,  was  searched  carefully  for  cracks  which  might  in- 
dicate the  extent  of  the  movement,  but,  contrary  to  all  expectations, 
no  crevice  could  be  detected  along  the  high  ground  adjacent  to  the 
reservoirs  and  parallel  with  them,  and,  strange  as  it  may  seem,  no  such 
crack  has  ever  been  observed,  with  the  excei:)tion  of  one,  about  125  ft. 
long,  near  the  site  of  the  old  elk  barn  and  about  200  ft.  west  of  the 
power-house  and  Dam  No.  3.  This  crack  did  not  appear  until  May, 
1896,  or  eighteen  months  after  the  reservoirs  were  excavated,  and  could 
not  be  seen  long,  for,  having  been  only  a  trace  along  the  surface,  it 
was  obliterated  entirely  in  a  few  months.  Other  cracks,  of  a  larger 
size,  were  found,  about  this  time,  around  the  margin  of  the  depres- 
sion, or  marshy  ground,  at  the  head  of  the  slide,  and  these  increased 
to  such  an  extent  that  during  1897  the  outline  of  the  movement  in 
that  vicinity  could  be  traced  by  an  almost  continuous  break  in  the 
ground. 

In  the  autumn  of  1895,  or  as  soon  as  it  became  ajjparent  that  the 
movement  extended  to  such  a  great  distance  from  the  reservoirs,  the 
chief  engineer  directed  that  arrangements  be  made  to  determine  the 
dei^th  of  the  slide,  as  well  as  the  area,  in  order  to  ascertain  whether 
or  not  the  movement  was  along  or  near  the  surface  of  bed-rock. 

The  plan  decided  upon  for  securing  this  information  was  to  drill 
through  the  overlying  material,  and  into  the  rock,  with  an  ordinary 
well-boring  machine,  a  water-jet  being  used  to  remove  the  earth  and 
pulverized  rock.  This  work  was  in  progress  from  September  27th,  1895, 
until  March  31st,  1896.  In  all,  twenty-five  holes  were  drilled,  aggre- 
gating 1  710  lin.  ft.  (See  Plates  XXII  and  XXIII. )  These  borings  were 
located  along  the  cable  track,  and  eastward,  and,  subsequently,  two  of 
them  were  found  to  be  outside  of  the  limits  of  the  moving  ground.  The 
contract  for  this  work  specified  that  the  holes  should  be  drilled 
through  the  overlying  strata  of  clay  and  loose  rock,  and  5  ft.  into  the 
solid  bed-rock,  so  as  to  make  it  certain  that  the  drill  did  not  stop  at 
each  small  boulder  it  encountered.  The  holes  were  4  ins.  in  diameter, 
and  were  cased  with  wrought-iron  pipe  which  was  driven  until  the 
lower  end  was  in  close  contact  with  what  was  thought  to  be  bed-rock. 

The  prices  paid  for  this  work  were  $1.25  per  linear  foot  for  earth 
or  loose  material,  and  $3.00  per  linear  foot  for  solid  rock,  where  the 
holes  were  drilled  deeper  than  the  5  ft.  specified,  as  was  done  in  some 
instances.    These  prices  included  the  use  of  the  plant,  and  labor  only. 
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all  other  exiienses,  for  casing,  and  for  wood  and  water  for  the  use  of 
the  engine,  being  extra,  the  total  cost  averaging  $1.68  per  linear  foot. 

After  the  holes  had  been  drilled  and  cased,  the  next  thing  was  to 
devise  some  plan  by  which  the  dejjth  at  which  the  movement  was 
taking  place  could  be  determined  with  accuracy,  and  the  following 
was  decided  upon:  To  measure  the  depth  of  the  holes,  a  small  pipe, 
1  in.  in  diameter,  was  fitted  in  10-ft.  sections  for  ease  in  handling. 
At  each  end  of  one  of  these  10-ft.  sections  there  was  fitted  a  flange, 
about  3|  ins.  in  diameter,  which  nearly  filled  the  inside  of  the  well 
casing.  To  this  flanged  section  of  pi])e  the  other  sections  were 
coupled  for  a  handle,  and  with  this  handle  the  flanged  section  was 
passed  down  the  well  casing  to  bed-rock. 

A  trial  of  this  sounding  rod  was  made  soon  after  each  boring  was 
completed,  and  in  all  cases  it  would  pass  freely  to  the  bottom  of  the 
hole.  Subsequently,  this  trial  was  repeated  at  intervals  of  about  one 
month,  but,  after  one  or  two  trials,  it  was  found  that  the  pipe  flanges 
would  stick  in  the  casing  and  jjrevent  the  rod  from  reaching  the  same 
depth  as  upon  the  first  trial.  This  was  understood  to  mean  that  a  bend- 
ing of  the  well  casing,  caused  by  the  movement  of  the  slide,  was  taking 
place  at  about  the  depth  reached  by  the  flanged  rod,  the  flanges  on 
the  bottom  section  preventing  the  rod  from  passing  the  bend  in  the 
pipe. 

Subsequent  explorations  showed  conclusively  that  measurements 
of  the  depth  of  the  slide  made  with  these  rods  were  practically  correct. 
In  three  instances  where  bends  in  the  casing  occurred  the  pipes  were 
dug  out  afterward  and  were  found  to  be  badly  bent  or  broken  within 
1  ft.  of  the  depth  determined  by  the  sounding  rod.  In  most  of  the 
borings  made  the  movement  was  found  to  be  taking  place  at  or  near  the 
surface  of  the  bed-rock,  and  at  depths  varying  between  50  and  112  ft. 
below  the  surface  of  the  ground.  In  some  of  the  borings,  water  would 
rise  in  the  casings  after  they  were  completed,  indicating  the  presence 
of  water  pockets  at  various  places  in  the  sliding  ground. 

The  necessity  for  an  improvement  of  the  drainage  of  the  sliding 
land  district  was  early  recognized,  and,  before  the  beginning  of  the 
autiiumal  rains  in  1S95,  by  permission  of  the  property  owners,  a  drain 
was  dug  through  the  southern  rim  of  the  basin  or  marshy  ground  at 
the  head  of  the  slide,  so  as  to  convey  away  any  surface  water  which 
might  otherwise  accumulate  there  during  the  winter.     That  water  had 
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accumulated  there  formerly  has  been  testified  to  by  those  familiar  with 
the  locality,  but  probably  the  depth  did  not  exceed  2  ft.  Hand-auger 
borings  were  also  made  in  the  marsh,  and  showed  that  the  peaty  for- 
mation on  the  surface  did  not  exceed  a  depth  of  20  ft.  and  wa& 
underlaid  by  a  bed  of  clay. 

While  this  Avork  was  in  progress  the  King  Real  Estate  Association 
was  besought  for  permission  to  fill  the  i^ool  in  the  depression  left  by 
them  west  of  the  cable  railway  embankment  at  the  time  the  grading 
was  done  and  the  culvert  built.  This  culvert  or  sewer  was  not  laid 
deep  enough  to  drain  the  bottom  of  the  ravine,  and,  in  consequence,  a 
pool  of  water,  30  to  40  ft.  in  diameter,  and  from  3  to  5  ft.  deep  at 
the  center,  had  accumulated  there.  This  pool  was  kept  full  constantly 
by  the  drainage  from  several  small  springs  which  came  to  the  surface 
in  the  bottom  of  the  ravine  above  the  railway  crossing.  The  request  of 
the  chief  engineer  for  permission  to  fill  this  pool,  at  the  exjjense  of 
the  Water  Comfaittee,  was  gi-anted  by  the  property  owners,  after  some 
little  time  had  been  taken  to  consider  the  matter,  and  the  work  was 
begun  at  once.  Drains  for  the  removal  of  surface  water  at  points  ad- 
joining the  reservoirs  on  the  west  were  also  built  and  connected  with 
the  sewers  constructed  during  the  j)revious  year. 

During  the  winter  of  1895-96,  and,  in  fact,  during  the  entire  year 
of  1896,  the  only  construction  work  done  in  connection  with  the  slid- 
ing land  was  to  see  that  all  ditches  and  drains  were  kept  open  so  as  to 
carry  away  all  surface  drainage.  Surveys  of  the  range  lines  were  also 
made  regularly  each  month  to  determine  the  rate  of  the  movement. 
As  one  result  of  these  repeated  observations,  it  was  noted  that  there 
was  a  marked  increase  during  the  winter  or  rainy  months — say, 
November  to  May,  inclusive — and  a  corresponding  diminution  of  the 
movement  during  the  remaining  months  of  the  year,  when  the  rainfall 
was  considerably  less. 

During  1896,  the  cracks  in  the  reservoir  linings  were  observed  to  be 
increasing  slowly  in  number  and  size,  and,  for  the  purpose  of  determin- 
ing what  effect,  if  any,  would  be  jiroduced  thereby,  the  water  in  the 
reservoirs  was  drawn  down  and  at  times  the  basins  were  entirely 
emptied.  Owing  to  the  cracked  and  broken  concrete  lining,  and  the 
absence  of  water  in  the  basins,  the  reservoirs  soon  began  to  present  an 
unsightly  appearance. 

It  may  be  well  to  explain  here  that  the  quantity  and  quality  of  the 
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water  delivered  to  the  city  lias  never  been  affected  by  the  defective 
condition  of  the  City  Park  reservoirs.  The  reservoir  system,  as  de- 
signed and  built,  provides  that  the  reception  of  water  from  the  main 
conduit,  and  its  distribution  to  the  different  parts  of  the  city,  should 
all  be  done  through  the  medium  of  wrought-iron  or  steel  tanks,  one  of 
which  is  located  in  the  intei'ior  of  the  gate-house  connected  with  each 
reservoir,  and  in  which  all  mains  are  centered.  The  reservoir  T)asins 
were  intended  for  storage  purposes  only.  In  some  instances  the  inflow 
and  outflow  are  through  the  same  pipe,  hence  a  circulation  of  water 
through  the  reservoir  cannot  be  maintained  without  overflow  into  the 
sewers.  The  total  estimated  capacity  of  the  four  reservoirs  connected 
with  the  system  is  66000  000  galls.,  or  four  days'  supply  for  the  city. 

The  temperature  of  the  water  delivered  in  the  city  during  the  sum- 
mer months  is  also  appreciably  cooler*  when  distributed  through  the 
gate-chambers  direct  than  it  is  when  stored  in  the  reservoirs,  even  for  a 
few  hours,  and  hence  is  more  satisfactory.  From  the  foregoing  state- 
ments, it  will  be  seen  that  the  delay  in  completing  the  reservoirs  for 
use  has  in  no  way  detracted  from  the  general  excellence  of  the  water 
supply  furnished  to  the  city  during  the  past  nine  years. 

Early  in  the  spring  of  1897  the  proof  that  water  in  the  iinderground 
springs,  fed  by  percolation  from  the  surface,  was  a  prime  factor  in 
producing  the  slide,  if  not  the  only  originating  cause,  became  so 
conclusive  that,  on  April  27th,  the  writer  addressed  a  letter  to  the 
chairman  of  the  Water  Committee,  explaining  at  considerable  length 
the  discoveries  thus  far  made,  and  the  reasons  for  believing  that  the 
removal  of  the  water  by  a  thorough  system  of  drainage  would  stop  the 
slide.  In  this  letter,  reference  was  made  to  a  drainage  project  and 
estimate  of  cost  which  had  been  prepared  by  the  writer  during  the 
preceding  year. 

A  few  weeks  later,  action  was  taken  by  the  Water  Committee,  look- 
ing to  the  engagement  of  a  consulting  engineer  to  examine  the  sliding 
ground  and  report  on  the  best  means  for  the  cure  of  existing  condi- 
tions, which  happily  resulted  in  securing  the  services  of  G.  H.  Men- 
dell,  M.  Am.  Soc.  C.  E. ,  Colonel,  Corps  of  Engineers,  U.  S.  A.  (since 
deceased),  for  the  investigation  of  the  problem. 

Colonel  Mendell  examined  the  reservoirs  first  in  July,  1897,  and 
also  at  intervals  thereafter,  and  at  his  direction  certain  additional 
*  The  temperature  is  from  55  to  62"  Fahr. 
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surveys  and  exiJlorations  were  undertaken  whicli  resulted  in  the  dis- 
covery of  a  large  number  of  interesting  data  regarding  underground 
conditions,  and  the  depth  and  cause  of  the  slide. 

In  order  to  avoid  all  uncertainties  regarding  the  character  of  the 
bed-rock  and  the  overlying  earth,  Colonel  Mendell  approved  of  the 
suggestion  that  wells  or  shafts  be  excavated  to  bed-rock  by  hand,  and 
be  made  3^  x  3^  ft.  in  size,  instead  of  the  4-in.  borings  used  formerly. 
This  method  of  procedure  proved  to  be  very  successful,  and,  in  the 
main,  was  followed  in  all  subsequent  exjalorations,  altho^^gh  at  one 
time  the  boring  machine  was  again  used  for  a  few  weeks  in  order  to 
expedite  the  work. 

The  excavation  of  the  open  shafts,  although  more  expensive  than 
the  smaller  drilled  holes,  was  in  every  way  more  satisfactory,  for  it 
was  then  possible  to  determine  the  character  of  the  bed-rock  and  the 
overlying  material  more  satisfactorily  than  could  have  been  done  in 
any  other  way.  Especially  was  this  true  of  the  seam  of  blue  clay 
adjoining  the  bed-rock,  forming  the  bed  of  the  "ancient  sHde," 
which  has  played  such  an  imi^ortant  part  in  all  later  studies  of  the 
problem. 

Work  on  these  wells  or  shafts  was  begun  on  July  19th,  1897,  and 
prosecuted  almost  continuously  from  that  time  until  January  24th, 
1899,  a  part  of  the  time  with  two  crcAvs  of  men.  An  ordinary  winch 
and  bucket,  worked  by  hand,  was  used  for  removing  the  excavated 
material.  It  was  found  necessary  to  use  curbing,  from  the  surface 
down,  2  x  8-in.  fir  plank,  notched  at  the  corners,  being  used  for  this 
purjjose.  Twenty-two  shafts,  in  all.  were  excavated,  having  an 
aggregate  depth  of  1  497  ft. ,  with  454  lin.  ft.  of  tunnel  connected  with 
the  same.  While  this  work  was  in  progress,  nine  additional  borings, 
aggregating  677  lin.  ft.,  were  made  for  the  purpose  of  expediting  the 
work  and  in  order  to  fill  in  certain  areas  where  the  character  of  the 
material  was  not  known  with  sufficient  accuracy  and  it  was  mainly  de- 
sired to  determine  the  depth  of  the  earth  overlying  the  bed-rock. 
The  location  of  the  shafts  is  shown  on  Plate  XXII,  and  in  Fig.  3,  which 
shows  some  profiles  through  the  center  of  the  slide.  Sections  of  the 
shafts  and  borings  are  shown  on  Plate  XXIV. 

The  shaft  excavations  and  borings  were  made  experimentally,  the 
discoveries  at  one  shaft  awakening  inquiry,  and  suggesting  investiga- 
tions at  another  point,  and  so  on,  until  a  much  larger  field  was  covered 
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and  more  work  done  than  was  anticipated  at  first.  A  number  of  snr- 
prising  developments  resulted  from  this  series  of  investigations,  par- 
ticularly as  to  the  character  of  the  material  between  the  surface  and 
bed-rock,  and  the  existence  of  a  well-defined  seam  of  clay  near  bed- 
rock which  gave  ample  evidence  of  being  the  bed  of  the  slide.  In  cer- 
tain localities  an  unexpectedly  large  quantity  of  water  was  found  in 
connection  with  the  clay  seam  lying  upon  or  near  the  surface  of  the 
bed-rock,  and  much  attention  was  given  to  investigations  of  the 
source  and  extent  of  this  underground  water  supply,  for  by  this  time 
it  had  come  to  be  fully  realized  that  water  in  the  seams  of  the 
material  composing  the  hillside  was,  chiefly,  the  originating  cause  of 
the  movement. 

The  first  excavation  made.  Shaft  No.  1,  was  on  the  line  between 
the  King  and  Carter  claims,  near  the  axis  of  the  slide  and  about  900 
ft.  west  from  Reservoir  No.  4,  while  Shaft  No.  2  was  about  250  ft.  far- 
ther east.  These  shafts  were  located  at  these  points  simply  because 
they  would  thus  practically  cover  a  large  part  of  the  territory  ad- 
jacent to  the  reservoirs  which  remained  unexplored  at  the  conclusion 
of  the  work  of  the  previous  season.  The  discoveries  made  at  these 
points  were  most  surjirising,  and  had  an  important  bearing  upon  all 
the  later  investigations.  A  detailed  statement  of  the  peculiar  charac- 
teristics of  the  material  found  in  each  shaft  and  boring  will  be  found 
on  Plate  XXIV,  but  it  may  be  of  interest  to  refer  briefly  to  some  of 
the  more  important  discoveries  made. 

Shaft  No.  1. — The  excavation  of  Shaft  No.  1  was  begun  on  July 
19th,  1897,  and  completed  on  January  31st,  1898.  The  elevation  of 
the  surface  was  435  ft.  above  the  city  datum  in  use  in  1894,  which  was 
about  the  elevation  of  low  water  in  the  Willamette  Eiver.  From  the 
surface  to  a  depth  of  13  ft.,  a  grayish  quicksandy  clay  was  found.  It 
should  be  stated  that  the  original  surface  of  the  ground  had  been 
removed  when  the  streets  and  lots  were  graded  and  the  consequent 
cutting  down  of  ridges  and  filling  of  ravines  was  accomplished.  The 
total  depth  of  excavation  was  75  ft. 

At  13  ft.  a  hard,  blue,  sandy  clay  was  found,  upon  the  top  of  which 
a  small  quantity  of  water  collected.  At  25  ft.  the  blue  clay  was  found 
mixed  with  fragments  of  rock,  quite  soft,  and  nearly  disintegrated.  At 
26  ft.  a  crack,  h  in.  wide,  was  noticed,  having  a  northeast  and  south- 
west coiirse,  but  it  was  soon  lost.  The  ground  at  that  depth  was  quite 
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solid.  Tlie  bhie  clay,  mixed  with  rock,  contiuued  to  a  dejith  of  43 
ft.,  where  was  found  a  blue,  sedimentary  clay  without  any  admixture 
of  broken  rock.  At  this  depth  some  small  fragments  of  wood  wei-e 
found,  which  were  apparently  of  fir.  They  were  much  discolored, 
but  well  iireserved,  the  grain  of  the  wood  showing  distinctly.  The 
pieces  of  wood  found  in  the  shaft  aggregated  about  ^  cu.  ft.  in  vol- 
ume. This  blue,  sedimentary  clay  continued,  practically  unchanged, 
to  a  farther  dejath  of  15  ft.,  or  to  58  ft.  below  the  surface.  At  50  ft. 
foul  air  was  encountered,  making  it  necessary  to  put  in  a  ventilating 
shaft,  which  consisted  of  a  small  box  in  one  corner  of  the  shaft,  at 
the  lower  end  of  which  a  small  fire  was  maintained.  A  few  feet  l)elow 
this  level  a  thin  layer  of  material,  very  black,  tough  and  dry,  was 
found.  At  58  ft.  was  found  a  mixture  of  blue  and  yellow  clay, 
mingled  with  broken  rock  in  which  a  water-worn  or  well  rounded 
stone,  2^  ins.  in  diameter,  was  found.  Until  this  stratum  of  clay  and 
rock  had  been  penetrated  10  ft.,  or  to  a  depth  of  68  ft.  below  the  sur- 
face, little  difficulty  was  caused  by  ground-water,  which  collected  in 
the  shaft  only  at  the  rate  of  from  25  to  40  galls,  per  day.  At  68  ft., 
the  clay  at  the  west  side  of  the  shaft  was  dark  blue,  unmixed  with 
rock,  some  pieces  of  c]ay  having  smooth  faces.  At  this  depth  the 
flow  of  water  increased  suddenly,  so  that  the  shaft  was  filled  to  a 
depth  of  18  ft.  in  one  night.  The  next  day  the  water  was  bailed  out, 
and  excavation  was  continued.  During  the  following  night  the  shaft 
was  filled  again,  this  time  to  a  depth  of  20  ft.,  the  flow  being  at  the 
rate  of  1.8  galls,  per  minute.  After  contending  with  this  flow  of 
water  for  several  hours,  the  shaft  was  deejiened  an  additional  foot, 
or  to  69  ft.  below  the  surface,  more  pieces  of  clay  being  found  with 
smooth  upper  faces.  At  6  p.  m.  on  August  6th,  1897,  just  as  the  men 
were  quitting  work  for  the  night,  the  flow  of  water  increased  suddenly 
to  40  galls,  per  minute,  rising  in  the  shaft  33  ft.  in  one  hour.  The  next 
morning  it  stood  within  8i  ft.  of  the  surface  of  the  ground,  making  a 
total  rise  of  60|  ft.  in  12  hours. 

The  flow  of  water  in  the  shaft  was  so  strong  as  to  render  hopeless 
the  task  of  lowering  it  with  an  ordinary  windlass  and  bucket,  and, 
therefore,  it  was  decided  to  install  a  deep-well  jiump,  run  l)y  steam 
power,  in  order  to  drain  the  shaft  sufficiently  to  proceed  with  the 
excavation.  This  was  done  at  once,  and  the  pumps  were  in  operation 
on  August  19th,  but  at  that  time  there  was  but  little  appreciation  of 
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the  magnitude  of  the  task,  for  it  was  not  until  January  31st  that  the 
work  was  completed  and  the  pumps  removed. 

Beginning  with  two  small  pumps,  with  about  3^  x  18-in.  cylinders, 
the  number  of  pumps  was  increased  to  four  before  any  appreciable 
headway  could  be  made.  The  estimated  capacity  of  all  four  pumps 
was  58  galls,  per  minute.  By  using  four  pumps  it  was  practicable  to 
lower  the  water  nearly  to  the  bottom  of  the  shaft  without  continuous 
pumping,  but,  by  resting  half  an  hour,  the  water  would  rise  in  the 
shaft,  and  pumping  had  to  be  resumed.  By  noting  the  diminishing 
height  to  which  the  water  rose  during  the  half-hour  interval  of  rest, 
some  idea  was  obtained  as  to  the  progress  which  was  being  made  in 
draining  the  underground  reservoir.  At  first,  the  water  would  rise 
from  14  to  15  ft.  in  half  an  hour,  while  toward  the  end  the  rise  was  not 
more  than  one-quarter  of  that  amount  in  the  same  time.  During  a 
portion  of  the  time,  in  order  to  expedite  the  work,  the  i:)iimi)s  were  run 
day  and  night. 

Toward  the  latter  part  of  January,  1898,  the  flow  diminished  to 
such  an  extent  that  it  was  practicable  to  dispense  with  two  of  the 
pumps,  thus  giving  room  to  work  in  the  bottom  of  the  shaft  while 
pumping  was  in  progress.  After  an  effort  lasting  several  days,  the 
layer  of  loose  rock,  underlying  the  clay  seam  heretofore  mentioned, 
was  penetrated,  and,  at  a  depth  of  75  ft.,  bed-rock  was  reached  and 
found  to  be  comparatively  smooth  and  free  from  fissures.  Above  the 
bed-rock,  at  the  east  side  of  the  shaft,  a  plainly  defined  movement 
seam  was  uncovered,  having  5  ins.  of  dark  blue  clay  above  the  line  of 
cleavage,  with  fine  broken  rock  between  the  clay  and  the  solid  bed- 
rock. The  inclination  of  the  clay  seam  was  eastward,  approximately 
2.5  ft.  in  the  width  of  the  shaft. 

The  line  of  cleavage  in  the  stratum  of  clay  was  defined  very 
clearly.  The  upper  and  lower  portions  of  the  stratum  could  be 
easily  separated  along  the  line  of  cleavage,  and  the  faces  which  had 
been  in  contact  presented  uniformly  a  smooth  and  glazed  appear- 
ance. When  first  exposed,  the  surfaces  were  bright  and  shining,  as 
though  they  had  been  varnished,  but  when  dry  the  color  was  of  a  dull 
and  leaden  hue.  There  were  slight  ridges  or  inequalities  in  the  sur- 
faces, running  east  and  west,  showing  the  presence  of  grains  of  rock 
or  some  hard  substance,  and  indicating  also  that  movement  had  been 
taking  place  along  the  plane  of  the  two  surfaces.     The  excavation  was 
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carried  below  tlie  main  -svater-beariug  stratum,  which  appeared  to  be 
above  the  clay  seam. 

On  January  31st,  1898,  after  the  excavation  had  been  carried  to 
bed-rock,  the  pumping  was  discontinued.  The  total  quantity  of 
water  pumped  from  the  shaft  from  August  lOtli,  1897,  to  January  31st, 
1898,  was,  approximately,  3  925  000  galls. 

Measurements  made  on  February  16tb,  1898,  showed  that  the 
water  level  in  the  shaft  had  been  lowered  51  ft.  by  the  removal  of 
nearly  -t  000  000  galls,  of  water.  After  the  cessation  of  pnmijing,  the 
water  continued  to  rise  slowly  until  March  2d,  1899,  when  it  stood 
at  Elevation  (435),  or  level  with  the  surface  of  the  ground.  It  was 
afterward  noted  that  there  was  a  slight  falling  away  during  the  dry 
season,  followed  by  a  complete  recovery  during  the  winter. 

Shaft  No.  2. — While  the  Avork  on  Shaft  No.  1  was  in  progress,  the 
other  shafts  were  also  being  excavated.  Shaft  No.  2,  one  block  east 
of  Shaft  No.  1,  and  also  on  the  line  between  the  King  and  Grover 
claims,  the  surface  elevation  being  (408),  was  begun  on  July  19th,  and 
completed  on  August  20th,  1897.  The  total  depth  of  the  shaft  .was 
112  ft. 

The  same  grayish,  quicksandy  material  found  near  the  surface  of 
Shaft  No.  1  was  found  here  to  a  depth  of  17  ft.,  and  below  that  a 
stratum  of  yellowish  sand,  6  ft.  thick.  At  12  ft.  below  the  surface,  a 
vertical  crack,  ^  in.  wide,  running  northeast  and  southwest,  was 
noticed,  the  material  west  of  the  crack  being  yellow,  while  that  on 
the  east  side  was  of  a  bluish  color.  The  excavation  followed  the 
crack  for  aboiit  7  ft.  only.  From  23  to  45  ft.  the  material  was  j^rinci- 
pally  very  hard  sand.  From  45  to  53  ft.  yellowish  clay  mixed  with 
broken  rock  was  found.  From  53  to  71  ft.  the  material  was  princi- 
pally sand,  similar  to  that  between  23  and  45  ft.,  and,  in  ])laces,  was 
very  hard  to  pick.  From  71  to  105  ft.,  grayish,  honey-combed  rock, 
full  of  seams,  with  some  earth,  was  found.  In  some  places  the  mate- 
rial was  hard,  and  in  other  places  it  could  be  picked  easily.  At  105  ft. 
the  material  was  quite  loose,  with  some  pieces  of  dark  blue  clay. 
Here  20  galls,  of  water  collected  in  one  hoiir.  From  105  to  110  ft. 
small  stones  mixed  with  coarse  sand  were  found.  At  112  ft.,  solid 
rock,  free  from  seams,  was  found,  with  a  dip  to  the  east  of  about  1  on 
3.5.  There  was  a  stratum  of  dark  blue  clay  1  ft.  thick  on  top  of  the 
rock.     The  line  of  the  slide  was  defined  clearlv  near  the  bottom  of  the 
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clay.  Since  the  completion  of  this  shaft  the  water  has  never  collected 
to  a  greater  depth  than  7.5  ft. 

Shaft  No.  3. — In  excavating  Shaft  No.  1  it  was  noticed  that  the 
"water  at  the  bottom  of  the  shaft  came  from  the  northwest,  which  fact 
called  renewed  attention  to  the  springs  in  that  direction  and  west  of 
the  old  "pool,"  to  which  reference  has  already  been  made.  It  was 
therefore  decided  to  sink  Shaft  No.  3  near  the  west  end  of  the  ravine 
in  which  these  springs  were  situated. 

The  elevation  of  the  surface  was  (467.5).  The  depth  of  the  excava- 
tion was  10  ft.  Excavation  was  begun  on  August  9th,  1897,  and 
abandoned  the  next  day,  as  the  location  was  found  to  be  too  near  the 
margin  of  the  moving  ground  to  afibrd  the  information  desired. 

For  the  first  6  ft.  yellowish  clay  and  logs  were  found  intermingled. 
A  small  qiiantity  of  water  came  from  seams  in  the  rock  at  the  north 
end  of  the  pit.  When  work  was  suspended,  the  materials  found  were 
clay  at  the  south  end  of  the  pit  and  loose  rock  at  the  north  end. 

In  regard  to  the  springs,  the  owner  of  the  property  stated  that  the 
flow  of  water  was  much  less  than  when  he  first  examined  the  ground, 
perhajjs  forty  years  ago,  the  s^iriugs  formerly  furnishing  a  water  supply 
for  some  of  the  buildings  on  the  eastern  border  of  the  property. 

Shaft  No.  4. — The  point  next  selected  for  examination  was  a  few 
feet  north  of  the  claim  line  and  a  short  distance  from  the  Avestern  end 
of  the  moving  ground,  the  surface  elevation  being  (530.5).  The  dejath 
of  the  excavation  was  73  ft.  Excavation  was  begun  on  August  11th 
and  completed  on  August  23d,  1897. 

From  the  surface  down  for  a  dej^th  of  6  ft.,  the  material  was  yellow 
clay ,  and  below  that  was  found  19  ft.  of  bluish  clay.  From  25  to  43 
ft. ,  were  found  gray  and  yellow  clays  which  were  quicksandy  in  places. 
From  43  to  72  ft. ,  the  material  was  chiefly  red  clay  mixed  with  small 
pieces  of  porous  rock.  Between  44  and  46  ft.  the  clay  was  very  plastic 
and  was  yellow  when  dry.  At  this  level,  150  galls,  of  water  collected 
in  one  night.  From  72  to  73  ft.,  a  layer  of  dark  blue  clay  resting  upon 
rock  was  found.  The  surface  of  the  rock  could  be  picked  to  the 
depth  of  6  ins.,  but  below  this  it  was  hard.  The  rock  dipped  slightly 
to  the  east.  The  line  of  the  movemei*  seam  was  defined  clearly  be- 
tween the  depths,  72  and  73  ft.,  and  consisted  of  about  1  in.  of  red  or 
yellow  clay  resting  upon  blue  clay,  with  solid  rock  underneath. 

This  shaft  being  near  the  border  of  the  moving  ground,  it   was 
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ucxt  (k'terjiiiued  to  run  a  tunnel  jiloug  botI-ro;*k  until  tlu-  northern 
limit  of  the  slide  should  be  reacdied,  if  this  could  lie  found  within  a 
reasonable  distance.  The  slo^je  of  the  rock  being  easterly,  the  tunnel 
was  started  in  a  northwesterly  direction,  in  order  to  provide  for  drain- 
age. This  work  was  begun  on  August  '26th  and  completed  on  Septem- 
ber 15th,  1897.  The  securing  of  proper  ventilation  for  the  shaft  and 
tunnel  proved  to  be  quite  a  hindrance.  As  the  tunnel  was  expected 
to  be  only  a  temjioi-ary  atiair,  it  was  made  as  small  as  could  be  worked 
conveniently,  about  3  x  5  ft. ,  and  was  not  timbered  thoroughly.  The 
material  encountered  was  similar  to  that  in  the  shaft,  being  chiefly 
reddish  clay  mixed  with  fragments  of  jjorous  rock.  The  tunnel  fol- 
lowed the  top  of  the  stratum  of  blue  clay,  the  dividing  line  between 
the  blue  clay  and  the  red  clay  aud  gravel  being  plainly  marked. 

At  28  ft.  from  the  shaft  was  found  a  seam  of  blue  clay,  1  in.  thick, 
with  smooth  faces,  showing  jiressure,  but  not  furrowed.  The  dij*  of 
the  seam  was  3  ins.  in  2  ft.,  and  to  the  northeast.  At  32  ft.  a  plainly 
defined  crack  was  found  which  was  nearly  vertical  and  crossed  the 
tunnel  nearly  parallel  with  the  break  in  the  surface  of  the  gi-ound, 
w-hich  marked  the  margin  of  the  slide  opposite  that  point.  When  ap- 
proaching this  crack  the  breast  of  the  tunnel  fell  in,  showing  the  line 
of  the  movement  seam.  Beyond  the  crack,  the  material  was  cemented 
aud  much  harder  than  anything  found  before,  some  large  jiieces  of 
rock  apjiearing  in  the  face.  From  measurements  made  at  the  tunnel 
level,  and  also  at  the  surface  of  the  ground,  the  slope  of  the  run  of 
the  slide  at  that  point  was  determined  as  approximately  9^  vertical  to 
1  horizontal. 

During  the  excavation  of  the  shaft  aud  tunnel,  the  water  draining 
from  the  ground  caused  little  trouble  until  a  point  near  the  bottom 
was  reached.  The  quantity  which  collected  each  night  gradually  in- 
creased from  8  galls.,  when  at  a  depth  of  25  ft.,  to  120  galls.,  when  at 
the  bottom,  with  the  exception  of  one  night,  already  noted,  when,  at 
a  depth  of  44  ft.,  the  quantity  collected  was  150  galls.  The  drainage 
was  principally  from  the  north.  After  the  completion  of  the  tunnel, 
the  water  collected  for  some  days  at  the  rate  of  20  to  25  galls,  per 
hour,  and  in  about  two  weeks  it  had  filled  the  tunnel  aud  shaft  to  the 
depth  of  17.5  ft.  In  February,  1898,  the  water  stood  at 'Elevation 
(514.9)  or  at  a  depth  of  56.4  ft.,  but  the  ordinary  depth  was  from  25 
to  40  ft. 
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Duriug  the  period  covered  by  the  observations,  the  variations  in 
the  water  level  at  this  shaft  were  much  more  marked  than  at  any  other 
point  observed.  The  rise  which  took  place  within  a  day  or  two  after 
a  heavy  rainfall  was  especially  noticeable.  As  a  i)ossible  exj^lanation 
of  this  sudden  rise,  it  may  be  noticed  that  the  shaft  is  at  the  foot  of  a 
steejj  bank  where  the  coating  of  fine  surface  earth  is  comparatively 
thin  and  the  underlying  material  probably  more  than  usiially  porous. 
The  tunnel,  having  a  direct  connection  with  the  crack  reaching  to  the 
surface,  may  also  have  had  some  effect.  It  may  be  noted,  also,  that  at 
this  point,  and  at  all  other  shafts,  the  surface  around  the  opening  waS 
protected  against  direct  drainage  into  the  well. 

Shaft  No.  5. — Work  at  this  point,  located  about  400  ft.  west  of 
Dam  No.  3,  was  begun  on  August  23d  and  comiileted  on  September 
21st,  1897.  The  surface  elevation  was  379.6.  The  depth  of  the  exca- 
vation was  101.4  ft.  For  the  first  6  ft.  the  excavation  was  through  an 
old  embankment  made  when  the  property  was  being  graded.  Next 
was  found  11  ft.  of  yellow  surface  earth  and  below  that  40  ft.  of  gray- 
ish, porous  rock,  growing  harder  toward  the  bottom,  where  it  was  full 
of  seams,  and  similar  to  that  found  in  Shaft  No.  2  at  about  the  same 
elevation.  Next  below,  a  2-ft.  layer  of  small  stones  and  coarse  sand, 
•  cemented,  was  found,  followed  by  6  ft.  of  hard  basalt  in  small  pieces, 
•which  could  be  removed  with  a  pick.  Below  that,  for  a  further  dis- 
tance of  30  ft.,  rock  of  the  same  general  character  continued.  The 
fragments  of  rock  were  mostly  small  (one  layer,  several  feet  in  thick- 
ness, consisting  of  pieces  of  rock  ^  in.  to  2  ins.  in  diameter  and  so 
loose  as  to  require  the  iise  of  curbing),  except  near  the  bottom,  where 
larger  blocks  were  found,  some  of  which  had  to  be  broken  before 
they  could  be  removed  from  the  shaft.  Below  the  larger  pieces  of 
rock  came  3  ft.  of  yellow  clay  mixed  with  small  fragments  of  rock, 
and  then  came  another  layer,  of  about  the  same  thickness,  of  very 
loose  material,  consisting  chiefly  of  fragments  of  rock  1  in.  in  diam- 
eter and  smaller,  with  sand  and  clay,  upon  the  bottom  of  which  was 
a  facing  of  about  1  in.  of  blue  clay,  the  under  face  of  which  was 
smooth.  Next  came  6  ins.  of  mixed  clay  and  rock  fragments,  below 
which  bed-rock  was  found,  smooth  and  without  fissures.  The  total 
thickness  of  the  distinctly  clay  seam  was  about  3  ins.,  through  which 
a  line  of  cleavage,  indicating  the  movement  plane,  was  defined  clearly. 
"The  dip  of  the  bed-rock  was  to  the  northeast,  and  about  1  on  4.5. 
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The  depth  below  the  surface  was  101. -i  ft.,  equal  to  Elevation 
(278.2). 

Only  a  small  quantity  of  water  collected  in  this  shaft  at  any 
time  during  the  progress  of  the  work,  and  at  no  time  since  the  exca- 
vition  was  completed  has  there  been  in  the  shaft  a  greater  depth 
of  water  than  8.5  ft.,  with  only  slight  fluctuations  between  summer 
and  winter. 

Shaft  No.  G. — The  next  shaft  undertaken  was  No.  6,  located  near 
the  cable  track,  alongside  of  Boring  No.  5  made  in  18!»5,  and  about 
230  ft.  south  of  Shaft  No.  2.  The  elevation  of  the  surface  of  the 
ground  was  (3(58.5),  and  the  depth  of  the  excavation  50  ft.  The  work 
was  begun  on  September  17th  and  completed  on  September  29th, 
1897. 

For  the  first  12  ft.  the  material  was  a  mixture  of  clay  and  frag- 
ments of  basalt  nearly  decomposed.  Then,  for  27  ft.,  the  material 
was  found  to  be  darker  in  color  and  harder.  As  a  rule,  the  fragments 
of  rock  were  small,  although  some  pieces  measured  about  1  cu.  ft.  in 
volume.  Next  was  found  7  ft.  of  small  fragments  mixed  with  clay, 
reaching  a  depth  of  46  ft.,  at  which  point,  Elevation  (322.5),  a  seam 
of  blue  clay,  a  few  inches  thick,  was  found,  which  showed  a  distinct 
line  of  cleavage.  The  dip  of  the  seam  was  eastward,  1  on  3.5.  There 
were  pebbles  within  1  in.  of  the  face  of  the  seam,  above  and  below. 
The  rock  below  the  clay  seam  was  quite  soft,  but,  as  the  excavation 
proceeded,  rapidly  grew^  harder,  until  at  the  depth  of  4  ft.  below  the 
clay,  or  50  ft.  from  the  surface,  Elevation  (318.5),  it  became  too  hard 
to  excavate  without  blasting,  and  work  was  discontinued. 

There  was  some  difficulty  with  the  ventilation  of  this  shaft,  but 
the  water  caused  no  inconvenience  whatever.  At  one  point,  near  the 
bottom,  about  40  galls,  of  water  accumulated  during  one  night.  At  no 
time  since  the  shaft  was  completed  has  the  water  exceeded  a  depth  of 
9.5  ft.,  and,  during  the  summer,  the  shaft  is  practically  dry. 

As  has  been  stated,  this  shaft  was  beside  Boring  No.  5,  the  curbing 
for  the  shaft  enclosing  the  pipe  casing.  As  the  excavation  of  the 
shaft  proceeded,  it  became  necessary  to  remove  the  pipe,  which  was 
found  to  have  been  broken  near  the  bottom.  Later,  the  elevation  of 
this  break  was  found  to  be  (323.8),  or  1.3.  ft.  above  the  clay  stratum 
along  which  the  movement  was  taking  place.  By  the  rod  measure- 
ments made  from  the  surface,  as  heretofore  described,  it  had  been 
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determined  some  months  before  that  the  break  in  the  pipe  and  the 
bottom  of  the  slide  were  at  Elevation  (324.5),  or  0.7  ft.  above  the 
point  where  the  break  actually  occurred  and  2  ft.  above  the  movement 
seam  in  the  clay.  The  measurements  in  the  shaft  thus  furnished  a  good 
check  on  the  former  work. 

By  measurements  made  at  this  shaft,  it  was  also  determined  that 
the  rate  of  movement  at  the  surface  and  at  bed-rock  level  had  been 
l)ractically  the  same.  When  Boring  No.  5  was  made,  in  1896,  the 
drill  was  broken  at  a  depth  of  47.6  ft.  After  spending  some  time 
fishing  for  the  broken  tool,  the  work  was  abandoned,  as  the  engineers 
were  then  quite  confident  that  bed-rock  had  been  reached.  Later,, 
when  Shaft  No.  0  was  excavated,  the  pipe  put  in  as  a  casing  for  Bor- 
ing No.  5  was  uncovered,  and  the  foot  of  the  pipe  was  found  to  be 
about  2  ft.  east  of  the  point  where  the  broken  drill  was  still  standing. 
This  distance,  2  ft.,  corresponded  almost  exactly  with  the  eastward 
movement  which  the  surveys  showed  had  taken  place  at  the  surface  of 
the  ground  during  the  same  period.  After  completing  the  shaft,  a  range 
line  was  established  crossing  it  from  south  to  north;  and  points  were 
set  both  at  the  surface  and  at  the  bottom  of  the  well.  Subsequent  ob- 
servations of  this  range  line  showed  that  between  October  25th,  1897, 
and  November  22d,  1899,  the  total  surface  movement  was  0.49  ft.  t» 
the  eastward,  while  the  movement  at  the  bottom  of  the  shaft  was  0.47 
ft.  during  the  same  period,  a  difference  of  only  0.02  ft. 

Shaft  No.  7. — Shaft  No.  7  is  on  the  roadway,  a  short  distance  west 
of  the  retaining  wall  at  the  north  end  of  Reservoir  No.  3,  and  alongside 
of  Boring  No.  14  G.  The  elevation  of  the  surface  was  (311),  and  the 
depth  of  the  shaft  53.5  ft. 

Work  was  begun  on  September  21st,  and  continued  until  October 
1st,  1897.  Work  was  resumed  on  April  15th,  and  continued  at 
intervals  until  December  25th,  1898.  The  total  depth  reached  was,  as 
stated,  53.5  ft.,  equal  to  Elevation  (257.5).  To  make  further  exjilora- 
tions  of  the  line  of  the  slide,  two  tunnels  were  run  in  a  southerly 
direction,  one  at  Elevation  (287)  and  the  other  from  the  bottom  of  the 
main  shaft,  Elevation  (257.5).  In  the  shaft  and  also  in  the  tunnels  the 
line  of  the  movement  seam  was  uncovered.  In  the  first  14  to  15  ft. 
from  the  surface  the  material  consisted  chiefly  of  yellow  clay  contain- 
ing broken  rock.  Next  came  a  seam  of  plastic  yellow  clay,  very 
tough,  having  a  southerlv  inclination  of  about  1  on  1.3.     The  casing 
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of  Boriug  No.  14  (7  was  found  broken  at  Elevation  (296.8),  or  -witbiu 
0.2  ft.  of  the  clay  seam  at  the  west  side  of  the  shaft.  The  upper  por- 
tion of  the  pipe  had  moved  0.7  ft,  easi^ward,  plainly  indicating  the 
depth  at  which  the  movement  of  the  slide  was  taking  place.  Below 
the  yellow  clay  was  27  ft.  of  blue,  sandy  clay,  which  was  very  hard 
when  dry,  as  was  the  case  in  this  shaft,  but  which,  when  immersed  in 
water,  would  soon  dissolve.  Below  the  blue  clay  came  about  1  ft.  of 
tough,  yellow  clay,  similar  to  that  found  on  top  of  the  blue  clay,  and 
having  about  the  same  southerly  inclination.  The  depth  from  the 
surface  was  43  ft.  Next  below,  loose  rock  was  found,  with  a  small 
quantity  of  clay  mixed,  into  which  the  shaft  was  carried  10.5  ft.  to 
Elevation  (257.5). 

The  direction  of  the  tunnels  was  nearly  parallel  with  the  west  line 
of  the  City  Park.  The  upper  one,  at  Elevation  (287),  cut  the  move- 
ment seam  between  the  red  and  blue  clay  at  6.4  ft.  from  the  south 
edge  of  the  shaft,  and  entered  the  reddish  clay  mixed  with  loose  rock, 
in  which  it  continued  for  70  ft.,  at  which  point  the  work  was  aban- 
doned. In  the  lower  tunnel,  the  movement  seam  was  found  in  a 
stratum  of  plastic  yellow  clay  from  1  to  1.5  ft.  thick,  and  52.5  ft.  from 
the  shaft.  This  tunnel  was  cohtiniied  for  a  distance  of  74  ft.  The 
material  was  loose  rock  mixed  with  a  small  proportion  of  clay.  The 
southerly  dip  of  the  movement  seam  passed  below  the  tunnel  level, 
and,  in  order  to  develop  it  still  further,  a  pit  was  started  below  the  bot- 
tom at  a  point  64  ft.  from  the  shaft.  At  a  depth  of  8.7  ft.,  or  Elevation 
(248.8),  fragments  of  red  clay  on  top  of  yellow  clay  were  foiind  having 
smooth  faces,  indicating  the  line  of  the  slide,  but  the  flow  of  water  from 
the  crevices  in  the  loose  rock  was  so  strong  that  it  caiised  the  aban- 
donment of  the  work  at  that  depth.  The  water  rose  in  the  pit  6  ft.  in 
one  hour,  but  at  no  time  did  it  reach  the  tunnel  level. 

Slinfl  No  S.— This  shaft  is  a  few  feet  from  the  margin  of  the  old 
"  pool,"  west  of  the  cable  track,  and  near  the  upper  end  of  the  sewer 
put  in  to  drain  the  pool  and  adjacent  ravine.  The  elevation  of  the 
.surface  was  (446.4),  and  the  depth  of  the  excavation  63  ft.  The  work  was 
begun  on  October  4th  and  completed  on  October  16th,  1897.  The 
tunnel  excavation  was  made  between  November  12th  and  December  Ist, 
1897.  For  the  first  10  ft.  from  the  surface,  the  excavation  was  through 
filled  ground,  below  which  came  18  ft.  of  blue  clay  containing  a 
liberal  mixture  of  fine  sand.     Next  came  19  ft.  of  material  of  the  same 
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character,  and,  in  addition,  water,  wliicli  flowed  at  the  rate  of  30  galls, 
per  hour.  In  places  the  walls  of  the  shaft  caved  badly,  owing  to  the 
quicksandy  nature  of  the  material;  and,  until  the  excavation  had 
passed  into  more  stable  ground,  a  night  crew  kept  the  shaft  pumped 
out  and  the  walls  dry,  so  as  to  prevent  caving.  Below  the  depth  of  35 
ft.  there  was  no  difficulty  from  this  source,  the  material  being  much 
harder  and  the  walls  not  as  easily  affected  by  the  water,  which  still 
continued  to  percolate  through  the  ground  and  into  the  shaft. 

Between  the  depths  of  47  to  52  ft.  there  was  found  a  stratum  of 
tough,  dark  blue  clay  mixed  with  small  fragments  of  hard  basalt. 
Below  the  blue  clay  came  a  10-ft.  layer  of  tough,  plastic  yellow  clay, 
with  little  or  no  rock  intermixed.  At  the  bottom  of  the  yellow  clay, 
at  a  depth  of  62.7  ft.,  Elevation  (383.7),  and  just  above  bed-rock,  there 
was  found  about  2  ins.  of  dark  blue  clay,  not  as  plastic  as  the  yellow, 
upon  the  top  of  which,  between  the  yellow  and  the  blue,  the  line  of 
cleavage  which  indicated  the  plane  of  the  movement  could  be  discerned. 
The  bed-rock  dipped  about  1  in  4.5  to  the  eastward. 

From  the  foot  of  the  shaft  a  tunnel  was  started  in  a  northwest- 
erly direction,  for  the  purpose  of  developing  the  northern  margin  of 
the  sliding  land.  The  material  in  the  tunnel  proved  to  be  mostly 
yellow  clay,  which  was  quite  hard.  At  a  distance  of  22.3  ft.  the  tun- 
nel cut  the  movement  seam,  which  was  nearly  vertical.  A  few  feet 
further  on,  large  masses  of  rock  were  found,  cemented  and  appearing 
to  be  in  place,  beyond  which  the  excavation  was  not  carried.  From 
measurements  made  at  the  level  of  the  tunnel,  and  on  the  surface, 
the  inclination  of  the  northern  rim  of  the  slide  at  this  point  was  found 
to  be  1  vertical  on  0.6  horizontal. 

During  the  last  part  of  the  work  on  the  tunnel  water  collected  at 
the  rate  of  50  galls,  per  hour.  Within  one  week  after  the  tunnel  was 
completed,  the  water  in  the  shaft  had  reached  a  depth  of  6  ft.,  and, 
later,  a  depth  of  from  9  to  10  ft.,  maintaining  that  height,  with  little 
fluctuation,  until  the  final  draining  of  the  shaft  in  1900. 

Shaft  No.  9. — This  shaft  was  started  but  a  few  feet  from  Boring 
No.  7,  near  the  point  where  the  cable  road  first  touches  Kingston 
Avenue  and  turns  to  the  north  along  that  street.  The  surface  eleva- 
tion was  (460.8)  and  the  depth  55,5  ft.  Work  on  this  shaft  was  begun 
on  October  19th  and  completed  on  November  3d,  1897. 

For  the  first  13  ft.  the  excavation  was  in  vellow  sandv  earth.    Next 
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came  19  ft.  of  blue  clay  witli  liue  Kaud,  quite  quicksandy.  Some  diffi- 
culty was  caused  by  the  caving  of  the  walls  of  the  shaft.  At  this 
time  the  drainage  from  the  sides  of  the  shaft  was  about  30  galls,  per 
day.  For  the  next  21  ft.  the  blue  clay  was  dryer  and  tougher,  with 
less  sand,  and  was  difficult  to  handle.  Before  reaching  bed-rock,  at 
53  ft.  depth,  Elevation  (408),  a  stratum  of  from  6  to  8  ins.  of  plastic 
blue  clay  was  met,  in  which  the  line  of  cleavage  was  found  within 
1  in.  of  the  bottom.  The  movement  had  been  taking  place  along  this 
line.  The  slope  of  the  seam  was  1  in  2.2  to  the  eastward.  Below  the 
slide,  the  siarface  of  the  rock  was  decomposed  and  full  of  seams  to  a 
depth  of  2.5  ft.,  and  could  be  removed  with  a  pick.  At  55.5  ft.,  or 
Elevation  (405.3),  the  rock  became  much  harder,  and  work  was  sus- 
pended. 

After  passing  below  the  slide,  the  quantity  of  water  increased 
rapidly,  coming  in  through  the  fine  seams  in  the  rock,  more  coming 
from  the  southwest  than  from  elsewhere.  The  quantity  removed  be- 
fore the  shaft  excavation  was  completed  averaged  more  than  400  galls, 
per  day. 

Shafts  JSTo^.  10  and  12.— The  surface  of  Shaft  No.  10  was  at  Eleva- 
tion (445.8),  and  its  depth  was  22.5  ft.  The  surface  of  Shaft  No.  12 
was  at  Elevation  (442.2),  and  its  depth  was  25.5  ft.  To  provide  an 
adequate  system  of  surface  drainage  for  the  water-shed  of  King  ravine, 
which  borders  the  sliding  laud  on  the  north,  the  consulting  engineer 
recommended  the  construction  of  a  culvert  to  extend  from  the  24-in. 
sewer  near  Reservoir  No.  3  westward  to  some  point  west  of  the  cable 
railway,  where  the  subterranean  flow,  also,  could  be  cut  ofl'  and  be 
brought  to  the  surface,  and  into  the  culvert. 

In  pursuance  of  this  plan.  Shafts  Nos.  10  and  12  were  excavated  in 
the  bed  of  this  ravine,  a  short  distance  west  of  Kingston  Avenue,  for 
the  purpose  of  determining  the  nature  of  the  material  near  the  upper 
end  of  the  proposed  culvert.  By  these  excavations  it  was  ascertained 
that  the  bed  of  the  ravine,  for  several  hundred  feet  west  of  the  bridge, 
was  composed  of  a  mass  of  loose  rock,  mostly  of  large  size,  with  gravel 
and  sand  intermingled  and  covering  the  same,  through  the  interstices 
of  which  the  water  which  found  its  way  under  the  surface  quickly  dis- 
appeared. As  an  outcome  of  these  exi^lorations,  it  was  necessary  to 
extend  the  culvert  several  hundred  feet  further  west  than  was  in- 
tended originally,  so  as  to  reach  a  point  where  the  rock  came  near  to 
the  surface. 
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Shaft  -iVo.  11. — When  Boring  No.  8  was  completed,  in  December, 
1895,  the  drill  passed  tliroiigh  a  body  of  blue  clay,  very  wet  and 
nearly  50  ft.  in  depth,  and  soon  after  it  was  found  that  the  inside  of 
the  pipe  was  filling  with  "  bine  mud."  The  reason  for  this  could  not 
be  ascertained  at  the  time,  but  the  action  was  thought  to  be  due  either 
to  a  crack  in  the  casing  or  to  the  fact  that  the  pipe  had  not  been 
driven  sufficiently  to  make  a  close  joint  with  bed-rock,  thus  allow- 
ing the  mud  and  water  to  enter  the  pipe  at  the  bottom.  To  gain  fur- 
ther information  regarding  this  deposit  of  quicksandy  material,  it  was 
decided  to  sink  a  shaft  near  the  boring  formerly  made.  The  location 
chosen  finally  for  Shaft  No.  11  was  just  west  of  the  cable  track,  and 
also  on  the  claim  line,  and  about  40  ft.  southwest  from  Boring  No.  8. 
The  depth  of  the  shaft  was  51  ft.,  and  the  surface  Elevation  (462.9). 
The  excavation  of  this  shaft  was  in  progress  from  November  5th  to 
10th,  and  from  December  2d  to  8th,  1897,  when  a  sudden  inflow  of 
water  caused  a  suspension  of  the  work. 

For  9  ft.  below  the  surface  the  material  consisted  of  the  usual 
clayey  earth,  and  then  came  32  ft.  of  blue  clay  similar  to  that  found 
in  Shaft  No.  9,  which  was  about  300  ft.  to  the  south.  Between  the 
depths  of  25  and  35  ft.  the  material  was  very  soft,  water  collecting 
at  the  rate  of  15  galls,  per  hour.  At  41  ft.  the  material  changed  to 
loose  rock  mixed  with  clay,  which  continued  for  a  depth  of  9  ft.,  or  to 
a  point  50  ft.  below  the  surface.  During  some  nights  400  galls,  of 
water  collected.  The  upper  surface  of  this  stratum  of  loose  rock  and 
clay  dipped  to  the  north  and  east  about  2  vertical  to  1  horizontal. 
Between  50  and  51  ft.,  below  which  depth  the  excavation  was  not  car- 
ried, the  material  became  qiiite  loose,  and  was  shoveled  easily.  It 
consisted  chiefly  of  coarse  sand  and  loose  rock,  f  in.  to  2  ins.  in  diam- 
eter. When  work  was  susj^ended,  on  the  evening  of  December  7th, 
the  excavation  had  been  carried  into  this  loose  material  to  a  depth  of 
1ft. 

On  the  morning  of  the  8th,  water  was  found  standing  in  the  shaft 
at  a  depth  of  46.5  ft.,  or  within  4.4  ft.  of  the  surface  of  the  ground. 
Immediately  following  the  inflow,  several  attempts  were  made  to  bail 
out  the  water  by  hand,  but  all  were  unsuccessful.  One  trial  of  hand 
bailing  was  made  between  January  10th  and  24th,  1898,  when  the 
removal  of  77  000  galls,  lowered  the  water  level  only  2.1  ft.  Bailing 
having  failed,  it  was  next  determined  to  try  the  well-boring  machine 
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for  the  purpose  of  ascertaiuing  the  depth  to  bed-roek  Work  with 
this  machine  was  begun  on  March  9th  and  completed  on  Marcli  11th, 
1898,  and  resulted  in  finding  hard  rock  17  ft.  below  the  bottom  of  the 
shaft  already  excavated  (or  (38  ft.  below  the  surface),  the  drill  passing 
throiigh  loose  rock  for  the  entire  17  ft.  The  elevation  of  bed-rock 
was  (395). 

To  test  still  further  the  volume  of  water  in  the  undergx'ound  reser- 
voir connected  with  this  shaft,  operations  were  begun  on  October 
17th,  1898,  with  the  steam  pumps  used  formerly  at  Shaft  No.  1,  and 
IJumping  was  continued  with  regularity  until  November  30th.  While 
pumping  was  in  jjrogress  the  water  level  was  lowered  somewhat,  but 
it  was  found  that  a  very  slight  impression  was  being  made  iipon  the 
body  of  water  connected  with  the  shaft.  The  first  hour  after  pumjiing 
ceased  the  water  in  the  shaft  rose  10  ft.,  and  measurements  made  a  few 
days  later  showed  that  the  water  level  had  been  lowered  6.1  ft.  The 
estimated  volume  pumped  was  546  700  galls.  Finding  that  constant 
pumping  for  six  weeks  had  lowered  the  water  level  only  6.1  ft.,  or  less 
than  one-seventh  of  the  total  depth,  it  was  decided  to  abandon  fur- 
ther attempts  to  drain  the  shaft  by  such  methods.  During  the  fol- 
lowing winter  the  water  stood  at  Elevation  (458.9),  or  about  4  ft.  below 
the  surface  of  the  ground. 

Shaft  No.  13. — This  shaft  was  begun  near  the  head  of  the  slide  and 
about  200  ft.  south  of  Shaft  No.  4.  The  elevation  of  the  surface  was 
(531.9).  Work  was  begun  on  December  18th,  1897,  and  completed  on 
January  6th,  1898.     The  depth  of  the  shaft  was  81.4  ft. 

For  the  fi.rst  12  ft.  yellow  surface  earth  was  found.  Between  2  and 
10  ft.  a  vertical  crack  was  noticed,  having  a  course  northeast  and 
southwest.  Next,  5  ft.  of  blue  quicksandy  clay  was  found,  followed 
by  15  ft.  of  yellow  quicksandy  clay  in  which  w^ater  collected  at  the 
rate  of  fi'om  20  to  40  galls,  per  hour.  The  next  stratum  w  as  20  ft.  of 
yellow  clay  without  sand,  below  which  was  one  of  11  ft.  of  tough  red 
clay,  hard  to  work.  The  inflow  of  water  was  about  10  galls,  per  hour. 
The  stratum  of  red  clay  was  underlaid  by  12  ft.  of  a  mixture  of  yellow 
clay  and  broken  stone,  some  of  the  clay  being  quite  soft.  From  20  to 
60  galls,  of  water  collected  per  hour,  most  of  it  coming  from  points 
within  20  ft.  of  the  surface.  At  a  depth  of  73  ft.  a  seam  in  the  clay 
was  discovered,  dipping  to  the  south,  about  1  on  2,  and  at  75.5  ft.  the 
main  slide  was  uncovered,  with  yellow  clay  on  top  of  from  6  to  10  ins. 
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of  hard  blue  clay.  The  slope  was  1  on  3.5,  with  a  slight  descent  to 
the  eastward.  Below  the  movement  seam  loose  rock  was  fonnd, 
which,  at  a  depth  of  81.4  ft.,  was  too  hard  to  pick,  so  that  the  work 
was  abandoned.  The  water  collected  in  the  shaft  at  the  rate  8  galls, 
per  hour,  and  during  the  winter  of  1898-99,  it  stood  at  a  depth  of  74  ft. 

Shaft  No.  14. — This  shaft  is  on  the  south  side  of  the  "round  top" 
and  about  200  ft.  west  of  the  cable  track  at  Shaft  No.  9.  The  surface 
elevation  was  (506.1),  and  the  depth  of  the  excavation  69.3  ft.  Exca- 
vation was  begun  on  January  31st  and  completed  on  February  26th, 
1898. 

Below  the  surface,  a  stratum  of  yellowish  clayey  earth,  8  ft.  thick, 
was  found,  followed  by  11  ft.  of  very  tough  red  clay.  Below  the  red 
clay  was  found  broken  rock,  decomposed  considerably  on  top,  but 
growing  harder  gradually  as  the  depth  increased,  and  having  many 
vertical  seams.  For  a  depth  of  33  ft.  the  fragments  of  rock  were 
mostly  small,  some  being  \  cu.  ft.  in  volume.  Below  this  was  a  2-ft. 
stratum  of  harder  rock,  the  blocks  being  about  1  cu.  ft.  in  volume. 
For  the  next  10  ft.  the  fragments  were  smaller,  and  then  came  5  ft.  of 
very  fine  I'oek,  mixed  with  coarse  sand.  Below  this  was  a  stratum  of 
clay,  about  4  ins.  thick,  resting  U]>on  bed-rock.  The  usual  line  of 
cleavage  in  the  clay  was  found  in  this  instance  within  ^  in.  of  bed- 
rock. The  slope  of  the  bed-x'ock  and  movement  seam  to  the  southeast 
was  about  5  ins.  in  3.5  ft.  horizontal. 

After  first  penetrating  the  loose  rock,  water  came  in  freely  from  all 
sides,  but  the  flow  was  strongest  from  the  south  and  east.  Constant 
pumping  was  required  to  keep  the  shaft  clear  so  that  the  work  could 
proceed.  The  pumps  were  kept  manned  for  two  nights  in  order  to 
finish  the  work.  Pumping  was  suspended  on  February  26th,  and  in 
40  hours  thereafter  the  water  in  the  shaft  was  26  ft.  deep. 

Shaft  No.  15. — This  shaft  is  on  the  bank,  about  300  ft.  west  of  the 
power-house,  and  by  the  side  of  Boring  No.  16.  It  was  fii-st  thought 
that  Boring  No.  16  had  reached  bed-rock;  later,  when  it  was  noticed 
that  no  bending  of  the  jnpe  occurred  while  the  surface  continued  to 
move,  it  was  decided  to  sink  a  shaft  at  this  point.  The  excavation 
was  begun  on  February  28th,  and  completed  on  April  9th,  1898.  The 
surface  elevation  was  (347.5),  and  the  depth  of  the  excavation  115  ft. 

Next  below  the  surface  was  found  a  stratum  of  33  ft.  of  yellowish 
sandy  material,  followed  by  14  ft.  of  jilastic  yellow  clay.     Next  wa.s 


A    PHENOMENAL   LAND    SLIDE.  363 

found  17  ft.  of  tough  yellow  clay  niixed  with  fragments  of  decomposed 
basalt,  and  below  this  11  ft.  of  loose  rock  honej-combed  and  with  a 
small  mixture  of  clay,  Elevation  (272).  For  the  next  1(5  ft.  the  material 
was  of  a  character  similar  to  that  immediately  above,  with  some  vari- 
ation in  the  hardness  and  size  of  the  fragments  of  broken  rock. 
Between  the  depths  of  93  and  107  ft.  there  was  found  a  stratum  of  fine 
broken  rock  varying  from  J  to  1  in.  in  size,  and  very  easily  picked. 
From  107  to  108  ft.  the  fragments  of  rock  were  larger,  being  2  cu.  ins. 
in  volume,  and  the  rock  was  very  compact  and  hard  to  pick.  From 
108  to  109  ft.  there  was  some  clay,  mixed  with  broken  rock.  At  109  ft., 
or  Elevation  (238),  was  found  a  seam  in  the  clay  shoAving  movement,  a 
thin  layer  of  blue  clay  resting  on  tough  red  clay.  At  114  ft.,  or  Ele- 
vation (233),  bed-rock  was  found  at  the  west  side  of  the  shaft,  with  a 
slope  to  the  northeast  of  1  on  3.  There  was  mixed  material  on  the 
bed-rock  to  a  depth  of  1  ft.  The  upper  6  ins.  wasxlark  blue  clay  with 
some  small  stones,  while  the  bottom  G  ins.  was  plastic  clay,  lighter  in 
color.  A  plainly  defined  line  of  movement,  within  2  ins.  of  bed-rock, 
was  observed.  At  59  ft.  from  the  surface  was  found  a  crevice,  7  ins. 
wide,  filled  with  loose  material,  and  at  this  point  water  collected  at 
the  rate  of  about  80  galls,  per  hour.  At  75  ft.  the  bottom  of  the  casing 
for  Boring  No.  16  was  found  resting  on  top  of  a  large  boulder,  the 
pipe  being  only  about  6  ins.  out  of  plumb.  At  this  point  the  material 
was  loose,  and  all  water  which  dripped  into  the  shaft  soaked  away. 

The  material  at  the  bottom  of  the  shaft,  below  Elevation  (240),  wa» 
water-tight,  and,  while  the  last  of  the  excavation  was  being  made,  the 
water  rose  in  the  shaft  at  the  rate  of  4  ft.  per  hour.  It  was  only  after 
bailing  and  pumping  for  some  days  that  the  flow  diminished  suffi- 
ciently to  permit  uncovering  the  bed-rock. 

Shaft  No.  i6'.— The  point  selected  for  Shaft  No.  16  was  opposite 
the  south  end  of  Reservoir  No.  3,  and  only  a  few  feet  from  the  west 
boundary  of  the  Park.  The  surface  elevation  was  (331.7),  and  the 
depth  of  the  shaft  was  97  ft.  Exc^avation  was  begun  on  April  9th, 
and  completed  on  May  17th,  1898. 

For  31  ft.  from  the  surface,  the  excavation  was  in  yellowish  surface 
clay,  a  small  quantity  of  water  collecting  each  night.  From  31  to 
65  ft.,  Elevation  (267),  the  material  was  fine  broken  rock,  which  it  was 
necessary  to  pick;  but  it  was  found  that  the  walls  of  the  shaft  would 
cave  in  unless  they  were  supported.  From 65 to  82  ft..  Elevation  (250), 
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seamy  rock  was  found,  which  couhl  be  removed  with  a  pick.  Some 
water  entered  the  shaft  from  the  east.  From  82  to  97  ft.  the  excava- 
tion was  still  in  rock,  and  proceeded  slowly.  From  95.5  to  96.5  ft. 
fine  loose  rock  was  found.  At  97  ft.,  or  Elevation  (235),  a  thin  stratum 
of  blue  clay  was  found  lying  on  yellow  clay,  with  bed-rock  under- 
neath. The  bed-rock  was  honey-combed,  but  there  were  no  seams. 
The  slope  was  1  on  3.5  to  the  east  and  southeast.  During  the  night 
500  galls,  of  water  collected,  coming  mostly  from  the  northeast. 
There  were  indications  of  the  clay  movement  seam,  but,  on  account 
of  the  water,  the  usual  sample  showing  the  line  of  cleavage  could  not 
be  obtained. 

Shaft  No.  11. — This  shaft  was  excavated  at  a  point  about  360  ft. 
east  from  the  cable  track,  and  opposite  the  "pool."  The  excavation 
was  begun  on  April  19th  and  completed  on  May  20th,  1898.  The  sur- 
face elevation  was  (407.6).  The  depth  of  the  shaft  was  103  ft.  Next 
below  the  surface  was  found  8  ft.  of  old  embankment,  and  below  this 
II  ft.  of  yellowish,  sandy  clay.  The  next  stratum  was  12  ft.  of  loose 
rock  mixed  with  clay,  below  which  was  a  stratum  of  1  ft.  of  quite 
solid  rock.  Below  this,  from  32.5  to  93  ft.,  was  found  a  stratum  of 
small  rock,  from  1  in.  to  4  ins.  in  diameter,  mixed  with  yellow  clay  in 
about  equal  proportions.  The  elevation  of  the  base  of  this  stratum 
was  (315).  From  93  to  101  ft.,  Elevation  (307),  large  blocks  of  stone, 
up  to  2  ft.  in  diameter,  were  found,  with  little  clay.  From  101  to 
102.3  ft.,  was  found  a  layer  of  small  fragments  of  rock  \  in.  to  2  ins. 
in  diameter.  Between  102.3  and  103  ft..  Elevation  (301.6),  a  stratum 
of  yellow  clay  on  blue  clay,  resting  on  bed-rock  w-as  found.  The 
slope  was  about  1  on  3  to  the  northeast.  The  movement  seam  was 
found  between  the  yellow  and  the  blue  clay.  A  small  quantity  of 
water  entered  the  shaft  from  the  southwest. 

Shaft  No.  18. — Excavation  for  this  shaft  was  begun  on  the  face  of 
the  bank  210  ft.  west  of  the  west  side  of  Reservoir  No.  4,  and  opposite 
the  point  of  greatest  movement  of  the  parajiet  walls.  The  surface 
elevation  was  (318),  and  the  depth  of  the  excavation  115.5  ft.  Work 
was  begiin  on  May  18th,  and  the  shaft  and  the  tunnel  connected  w^ith 
it  were  completed  on  December  16th,  1898.  The  following  materials 
were  found:  From  0  to  15  ft..  Elevation  (303),  yellow,  sandy  clay; 
from  15  to  38  ft..  Elevation  (280),  very  hard  sand;  from  38  to  80  ft.. 
Elevation  (238),  loose  rock,  in  small  fragments,  mixed  with   a  small 
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quantity  of  clay.  About  inidway  in  this  mass  there  ^vas  a  2-ft. 
stratum  of  loose  rock,  1  in.  to  6  ins.  in  diameter,  without  clay,  where 
the  walls  of  the  shaft  tended  to  eri;nible  and  slide.  At  a  depth  of 
about  80  ft.,  Elevation  ('238),  the  excavation  entered  dark  yellow  or 
reddish  clay  mixed  with  small  fragments  of  rock. 

Movement  seams,  in  red  clay,  were  found  at  86.5  ft.,  Elevation 
(231),  at  the  west,  and  at  87.5  ft.,  Elevation  (230),  at  the  east,  side  of 
the  shaft. 

At  95  ft.,  Elevation  (223),  the  excavation  was  still  iu  i)lastic  red 
clay,  when,  on  June  7th,  1898,  a  fragment  of  clay,  having  a  smooth 
face,  was  loosened  iu  the  bottom  of  the  shaft,  and  water  flowed  from 
the  cavity  with  considerable  force,  rising  in  the  shaft  to  a  height  of 
3  ft.  iu  15  minutes,  so  that  a  suspension  of  work  was  necessary.  After 
several  ineffectual  attempts  to  lowerthe  water  by  hand  bailing,  asteam 
pump  was  set  up,  and,  by  August  22d,  the  flow  had  diminished  to 
such  an  extent  as  to  admit  of  deepening  the  shaft  (through  loose  ma- 
terial, coarse  sand,  and  stones  6  ins.  in  diameter  and  less),  to  Eleva- 
tion (214).  On  August  22d,  1898,  pumping  was  suspended.  The  total 
volume  of  water  removed  from  the  shaft  then  amounted  to  more  than 
655  000  galls. 

Later  in  the  season,  it  was  decided  to  run  a  branch  from  the  old 
drainage  tunnel  behind  Reservoir  No.  4  to  Shaft  No.  18,  to  drawoft'the 
water  which  continued  to  collect  at  that  point.  This  branch  was 
started  from  the  old  tunnel  in  a  bed  of  "blue  clay,"  and,  at  42.5  ft., 
passed  into  loose  rock  faced  with  about  J  in.  of  yellow^  clay»  the  line 
of  movement  showing  between  the  blue  and  yellow  clay.  The  dip  to 
the  east  was  1  on  3.  When  within  10  ft.  of  Shaft  No.  18,  the  flow  of 
water  was  at  the  rate  of  75  galls,  per  minute,  but  did  not  continue 
long  at  that  rate.  After  reaching  and  draining  the  shaft,  the  excava- 
tion was  deepened  below  the  floor  of  the  tunnel,  or  to  Elevation  (202), 
Avhen  the  work  was  suspended.  The  material  continued  to  be  seamy 
rock,  through  which  water  flowed  freely,  coming  from  the  west.  The 
total  length  of  the  branch  tunnel  excavated  was  131  ft. 

Shaft  No.  i.9.— The  point  selected  for  this  shaft  was  10  ft.  west  of 
the  west  end  of  Dam  No.  3.  The  surface  elevation  was  (292.5).  The 
excavation  was  begun  on  June  8th  and  completed  on  July  30th,  1898. 
The  de2)th  of  the  shaft  was  60.5  ft.  From  the  surface  to  a  depth  of  50 
ft.,  Elevation  (292.5),  the  upper  portion  of  the  stratum  was  loose  rock 
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■with  which  some  clay  was  ruixed,  the  pieces  of  rock  in  the  lower  por- 
tion being  from  1  in.  to  6  ins.  in  diameter,  and  quite  compact,  without 
admixture  of  clay.  At  Elevation  (245)  the  shaft  intersected  the  bot- 
tom of  the  drainage  tunnel  excavated  in  1895  along  the  western  margin 
of  Reservoir  No.  3.  The  sewer  pipe  was  found  to  have  been  cracked. 
From  50  to  60  ft..  Elevation  (232.5),  the  material  was  chiefly  rock, 
(some  fragments  containing  1|  cu.  ft.),  with  little  or  no  clay,  and  was 
diflBcult  to  excavate. 

At  61  ft..  Elevation  (231.5),  there  was  a  strong  flow  of  water  from 
the  southwest.  Here  the  material  changed  from  seamy  rock,  very 
compact,  with  little  clay,  and  became  quite  loose.  The  thickness  of 
the  loose  material  was  about  1  ft.  Smooth  faces  on  a  fragment  of  clay 
which  was  removed  indicated  the  movement  seam  at  Elevation  (231). 

Between  June  20th  and  July  1st,  1898,  more  than  390  000  galls,  of 
water  were  bailed  from  this  shaft,  and,  later,  the  excavation  was 
deepened  to  Elevation  (223).  The  rock  in  the  bottom  appeared  to  be 
in  place,  but  was  full  of  seams. 

Shaft  No.  20. — This  shaft  was  intended  simply  as  an  opening  into 
an  old  drainage  tunnel,  built  in  1894  to  drain  the  ravine  north  of 
Keservoir  No.  3.  The  work  of  opening  the  shaft  and  cleaning  out  the 
tunnel  was  begun  on  June  30th  and  completed  on  August  24th,  1898. 
The  end  of  the  old  tunnel  was  reached  at  a  jjoint  234  ft.  from  the  north 
end  of  Reservoir  No.  3.  Later  in  the  season,  work  was  resumed  at  this 
point,  and  an  extension  of  the  tunnel  was  begun  which  was  carried, 
finally,  to  the  western  margin  of  the  city  property,  a  total  distance  of 
304  ft.  from  the  reservoir.  This  work  was  completed  on  February 
23d,  1899. 

Shaft  No.  21.  — The  excavation  for  this  shaft  was  made  in  the  bottom 
of  Reservoir  No.  3,  opposite  the  foot  of  the  buttress  wall  on  the  west 
slope.  The  elevation  of  the  surface  of  the  concrete  lining  was  (259.1). 
The  depth  of  the  excavation  was  58  ft.  Excavation  was  begun  on  De- 
cember 23d,  1898,  and  completed  on  January  6th,  1899.  Bed-rock  was 
found  at  a  depth  of  58  ft.,  at  Elevation  (201).  The  surface  of  the  rock 
was  very  hard  and  uneven,  without  seams. 

For  the  entire  depth,  the  material  was  blue,  sandy  clay,  very  hard 
and  dry.     No  water  was  found. 

Between  depths  of  39  and  41  ft.,  Elevation  (218),  several  small 
sticks  of  wood   were    found,  and    among  the  sticks  the  fossil   tooth 
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mentioned  previously.  At  LO  ft.,  Elevation  (209),  there  was  found  a 
small  quantity  of  washed  gravel. 

Ska/f  Xo.  22. — This  shaft  is  opposite  the  buttress,  and  about  100  ft. 
west  of  Kcservoir  No.  3.  The  surface  elevation  was  (305.2),  and  the 
depth  57.2  ft.  The  excavation  was  begun  on  January  7th  and  com- 
pleted on  January  24th,  1899.  For  the  first  26  ft.  from  the  surface 
the  material  was  chiefly  yellowish  sandy  clay,  full  of  seams.  From 
26  to  55  ft.,  Elevation  (250),  loose  rock  mixed  with  clay  was  found, 
followed  by  1  ft.  of  fine  broken  rock,  at  Elevation  (249),  lying  on  top 
of  the  clay  movement  seam  which  was  about  3  ins.  thick.  The  eleva- 
tion was  (249)  at  the  south  and  (248)  at  the  north  side  of  the  shaft. 
Below  the  plane  of  the  movement  there  was  J  in.  of  yellow  clay.  The 
total  depth  of  the  shaft  was  57.2  ft.     But  little  w-ater  was  found. 

Excavation  West  of  the  Power-IIouse. — Signs  of  imdue  pressure 
against  the  west  wall  of  the  power-house  having  appeared,  it  was  de- 
cided to  excavate  a  trench  ijarallel  with  the  building  and  extending  out 
from  the  foundation  for  a  few"  feet. 

Work  on  this  trench  was  completed  on  June  15th,  1898,  the  rock 
having  been  uncovered  at  Elevation  (224.4).  Just  above  the  rock, 
blue  clay  was  found,  showing  a  line  of  cleavage,  as  though  movement 
had  taken  place  at  that  point,  as  had  been  suspected.  The  foundation 
of  the  power-house  extended  below  the  line  of  the  slide  and  was  im- 
movable, although  the  earth  adjacent  to  the  wall  was  compacted  very 
firmly. 

Trench  West  of  Dam  No.  3  and  North  of  Shaft  No.  19.  —On  October  3d, 
1898,  the  excavation  of  the  trench  near  the  west  end  of  Dam  No.  3  was 
completed.  This  trench  was  14  ft.  long,  3  ft.  wide  and  14  ft.  deep,  and 
was  dug  opposite  a  large  crack  in  the  parapet  wall.  The  material  was 
found  to  be  broken  rock  mixed  with  clay,  the  quantity  of  clay 
diminishing  toward  the  bottom.  The  mass  appeared  to  have  been 
broken  and  deranged  by  the  pressure  to  which  it  had  been  subjected, 
but  no  secondary  slip  or  line  of  movement  was  found. 

A  second  trench,  a  few  feet  further  north,  and  excavated  a  few 
days  later,  did  not  indicate  any  change  in  the  material. 

In  addition  to  the  foregoing,  between  February  21st  and  April  12th, 
1898,  eight  3-in.  borings  w^ere  made  at  various  points  on  the  sliding 
ground,  ranging  in  depth  from  42  to  121  ft.,  and  aggregating  a  total 
depth  of  655  ft.,  or  677  ft.  including  the  work  done  in  the  bottom  of 
Shaft  No.  11.     The  contract  price  per  foot  for  these  holes  was  $0.60  in 
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earth  and  $1.25  in  rock,  tLe  actual  cost  of  the  necessary  casing  was 
to  be  paid  for  at  an  extra  price,  and,  in  addition,  wood  and  water  for  the 
engine  was  to  be  furnished  to  the  contractor  Avithout  charge.  The  total 
cost  of  the  work  amounted  to  $7G4.27,  aijproxiinately,  or  31.13  per 
linear  foot. 

TABLE  1. — SuMMABY  OF  Borings  Made  During  1895  and  1896. 


No.  of  boring. 

When  begun. 

When 
completed. 

Surface 
elevation. 

Depth  of 

boring,  in 

feet. 

1   

1895. 

Sept.  27 
"  28 
-      30 

(^ct.    30 

Nov.  8 
"  16 
"      25 

Dec.  2 
"  3 
"  12 
^'  16 
"  23 
■'  27 
1896. 

Jan.  20 
"  12 
'■■  14 
'•     29 

Feb.  4 
'•  8 
"  12 
"     24 

Mar.  6 
•'  13 
"  21 
"      25 

1895. 

Dec.  10 

Oct.  15 

Nov.  16 
"       6 
"      11 
"      23 
"      29 

Dec.    3 
•>       9 
'•      13 
"     21 
"     26 
'■      30 
1896. 

Jan.  28 
'•      13 
"     18 
"      31 

Feb.     7 
•'      12 
"     24 

Mar.  5 
"     12 
"     20 
•'      25 
"      31 

(223.7) 
(237.3) 
(264.8) 
(a33.6) 
(3t!9.0) 
(409.8) 
(460.8) 
(461.2) 
(458.4) 
(458.9) 
(426.0) 
(397.5) 
(344.3) 

(311.31 
(340.4) 
(.347.9) 
(313.8) 
(311.7) 
< 303.5) 
(296.9) 
(292.4) 
(298.4) 
(305.91 
(308.8) 
(.308.9) 

68.0 

2  

72.0 

3 

83.5 

4 

106.8 

5  

47.6 

e 

79.6 

7 

59.0 

8                 

72.0 

9 

91.4 

10 

34.0 

11 

106.0 

12 

94.5 

13     

76.0 

14  C               

76.0 

15    

32.0 

16 

79.0 

17  

64.2 

18  B 

43.5 

19                   

25.2 

20        

43.0 

21  B 

77.5 

22 

95.0 

23 

57.6 

24  

83.0 

25 

44.0 

Total,  from  September  27th,  1 

895,  to  March  31 

St,  1896 

1710.4 

TABLE  2. — Expenditure  on  Account  of  Borings  Made  During 

1895  AND  1896. 


Date. 

Contract 
account. 

Material 
account. 

Extra  labor 

account. 
(^Estimated.) 

Total. 

Sept. 

Nov. 

1895. 
and  Oct 

$31.33 

$150.00 
50.00 
50.00 

50.00 
50.00 
49.50 

$181.33 

$485.33 
592.40 

349.87 
:383.13 
366.25 

5:«.:i3 

Dec        

5.00 

104.87 
78.09 
78.55 

(;47.40 

1896. 

504.74 

Feb 

511.22 

494.80 

Total 

$2176.98 

$297.84 

$399.50 

$2  874.32 

Cost  of  the  Worh:  Linear  feet  of  borings,  1  710;  average  cost  per 
linear  foot,  $1.68. 


A    PHENOMENAL    LAND    SLIDE. 

TABLE  3.  —  SuMMAKY  ov  Borings  Made  During  1898. 
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No.  of  boring. 

When 
begun. 

When 
completed. 

Surface 
elevation. 

Depth  of 
boring, 
in    feet. 

26 

27 

28 

29 

1898. 

Feb.     1 

8 

"        22 

25 

Mar.   12 

'•      21 

"       29 

ApL    11 

Mar.    9 

1898. 
Feb.     8 
Mar.    9 
Feb.   24 
28 
Mar.  19 

••      29 
Apl.     8 

"      12 
Mar.  11 

(449.4) 
(446.3) 
(430.2) 
(425.5) 
(403.0) 
(:j68.2) 
(407.3) 
(846.4) 

80.0 
75.5 
98.. 'i 

ui  8; 

30 

75  5- 

.31 

51. 0> 

32 

121  0 

.S3 

42  0 

Shaft  No.  11 

22.0 

Total,  from  February  1st,  li 

!98,  to  March  1 

1th, 1898 

677.3 

The  exploi'ations  required  to  determine  the  deptli  to  bed-rock, 
and  the  character  of  the  overlying  materials,  described  in  the  lore- 
going  pages,  were  completed  early  in  1899.  While  the  excavation  of 
the  shafts  was  in  progress,  observations  of  the  water  levels  in  various; 
shafts  and  borings  were  taken  at  frequent  intervals,  in  the  ho})e  of 
finding  some  correspondence  in  such  levels,  but,  with  oue  or  two 
exceptions,  no  indications  were  discovered  showing  any  connection 
between  the  underground  waters  at  the  several  shafts. 

The  results  of  the  shaft  and  tunnel  excavations,  the  measuicment 
of  water  levels  and  the  rate  of  movement  from  month  to  month,  were 
communicated  to  the  consulting  engineer  as  rapidly  as  the  data  were 
gathered. 


TABLE   4. — Expenditures   on   Account    of   Borings   Made  During 

1898. 


Date. 

Contract  ac- 
count. 

Extra  labor  account. 
(Estimated.  > 

Total. 

1898. 
Feb 

$2fe7.50 

365.00 

71.77 

S40.00 
40.00 
20.00 

$267.50 

405  00 

91.77 

Total 

8664.27 

$100.00 

8764  27 

Cost  of  the  Work:  Linear  feet  of  borings,  667;  average  cost  per  linear 
foot,  $1.13. 
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TABLE  5. — Summary  of  Shaft  and  Tunnel  Work,     Completed 
During  the  Yeaiis  1897,  1898  and  1899. 


No.  of  shaft. 

When  begun. 

When 
completed. 

Sur- 
face 
eleva- 
tion. 

Bed- 
rock 
eleva- 
tion. 

(0 

o  a3 
^£ 

&.S 
Q 

ai 

Q 

a 

a  S 

1 

July  19,  1897 
19,  1897 

Aug.     9,  1897 

11,  1897 

"        33,  1897 

Sept.  17,  1897 

"       21,  1897 

Oct.       4,  1897 

19,  1897 
Nov.      2,  1897 

5,  1897 

5,  1897 
Dee.    18,  1897 
Jan.    31,  1898 
Feb.    28,  1898 
April    9,  1898 

20,  1898 
May    18,  1898 
June     8,  1898 

"      30,  1898 
Dec.    23,  1898 
Jan.      7,  1899 

Jan.      1,  1898 

Aug.   20,  1897 

10,  1897 

23.  1897 

Sept.  21,  1897 

"       29,  1897 

Dec.    23,  1898 

Oct,     Ifi,  1897 

Nov.      3,  1897 

5,  1897 

Dec.      8,  1897 

Nov.    27,  1897 
Jan.      6,  1898 
Feb.    26,  1898 
April    9,  1898 
May    17,  1898 

"       20.  1898 
Dec.    16.  1898 
July    30,  1898 
Feb.    23,  1899 
Jan.      6,  1899 

'•       24,  1899 

June  15, 1898 
Oct.      3,  1898 

(435.0) 
(408.0) 
(467.5) 
(••530.5) 
(379.6) 
(368.5) 

(311.0) 

(446.4) 
(460.8) 
(445.8) 

(462.9) 

(442.2') 
(531.9) 
(506. 1) 
(347.4) 
(331.7) 
(407.6) 
(318.1) 
(292.5) 
(314.8) 
(259.1) 
',305.2) 

(360.0) 
(297.0) 

(457!.5) 
(278.2) 
(322.5) 

(383.4) 
(408.0) 

(395.0) 

(454.0) 
(437.1) 
(232.6) 
(234.7) 
(301.6) 
(223.0) 
(231.0) 

(201 ;i) 

^248.0) 
(224.0) 

75.0 
111.0 

■■'ralo 

101.4 
48.0 

*15.0 

62.7 
52.8 

67.9-| 

"75!9 
69.0 

109.0 
96.5 

102.0 
86.5 
60.5 

""56;2 

75.0 
112.0 

10.0 

73.0 
101.4 

50.0 

53.5 

63.0 
55.5 
22.5 

boring 

22  ft. 

25.5 

81.5 

69.0 

115.0 

98.0 

103.0 

115.5 

69.5 

18.0 

58.0 

57.2 

6.0 

14.0 

y 

3  

4 

32 

5  

6  

7 

I  1-74 
1  1-70 

8 

38 

9 

10 

11 

12 

39 

43 

14 

15 

16 

17 

18 

131 

19 

20 

70 

21 

2^ 

Trench  W.  of 
power-house 

Trench  W.   of 
Dam  No.  3.. 

Totals 

1  260.4 

1497.1 

454 

1  245  4 
Average  depth  of  slide,  — j^^  =  77.8  ft. 

*  Not  included  in  average  of  depth  of  slide. 

Summarizing,  in  a  general  way,  the  results  of  the  surveys  and 
examinations,  then  comjsleted,  it  may  be  said  that,  after  a  careful 
study  of  all  the  facts  collated,  the  following  conclusions  were  reached: 

(1)  The  approximate  length  of  the  sliding  ground  was  1  700  ft. 

(2)  The  approximate  width  of  the  sliding  ground  along  the  west 
margin  of  reservoirs  was  1  1  JO  ft. 

(3)  The  approximate  width  of  the  sliding  ground  at  its  west  end 
was  400  ft. 

(4)  The  approximate  surface  area  of  the  sliding  ground  was  29.27 
acres. 
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(5)  The  approximate  bed-rock  area  of  the  siiding  ground  was  23.65 
acres. 

(6)  The  approximate  area  of  the  water-shed,  which  includes  the 
western  end  of  the  sliding  tract,  was  26.46  acres. 

(7)  The  minimum  depth  of  the  body  of  the  slide  (Shaft  No.  6)  was 
46  ft. 

(8)  The  maximum  doptli  of  the  body  of  the  slide  (Shaft  No.  2)  was 
112  ft. 

(9)  The  average  dejith  of  the  slide  at  sixteen  shafts  in  the  main 
body  of  the  slide  was  77.8  ft. 

(10)  The  api^roximate  volume  of  the  sliding  mass  was  3  400  000 
cu.  yds. 

(11)  The  approximate  weight  of  the  sliding  mass  was  4  600  000  tons. 

TABLE    6. — ExPENDiTTJBE    ON    Account    of  Shafts    and    Tunnels, 
During  1897,  1898  and  1899. 


Date. 

Labor. 

Pumping. 

Materials. 

Total  cost. 

July,  1897  

$131.00                  

490. HO                  

624.25                  

206.65                  $181.00 
441.80          1           192.00 
306.95                    174.25 
112.00                    152.90 
190.25                      43.40 

195.75                  

256.05                  

319.00          1         

348.10          I             16.75 
321.10                      62.  .50 
178.25                      48.75 

177.30                  

399.15                      47.50 
423.50                      fi5.00 
358.00 

$64.60 
177.22 
71.38 
93.94 
52.60 
66.24 
12.88 
28. 4;^ 
27.09 
43.70 
27.58 
64.68 
61.55 
27.41 
39.87 
183.90 

$195.60 
668  02 

Aug.      "     

Sept.     "    

695.63 

Oct.       "    

481.59 

Nov.      "     

686  40 

Dec.      •'    

Jan.  1898   

Feb.       "    

547. i4 
277.76 
262  08 

Mar.      "     

222.84 

Apr.      "    

299.75 

May       "     

346.58 

June     "    

429.53 

July      -    

445.15 

Aug.      "     

254.41 

Sept.      " 

217  17 

Oct.       ••     

6.30  .55 

Nov.      '•     

63.95                   .552.45 

Dec.      "    

3.58  00 

Jan.    1899  

192.05 

62.05 
6.00 

254 .  10 

Feb.      ••    

316.60 
77.15 

322.60 

Mar.      "    

77.15 

Total 

$6  065.70                  $984(15 

$1  175.05 

$8  224.80 

Estimate  of  work  done: 

Shaft   excavation 1  497  lin.  ft. 

Tunnel  excavation:  454  lin.  ft.,  equivalent  to 

shaft  excavation,  454  X  2,  or 908    "     " 


Total  estimated  shaft  excavation 2  405    " 

Cost  per  linear  foot 83.42 

Laborers'  wages  were  .^1.75  per  day  of  10  hours. 
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(12)  With  each  returning  dry  season  there  was  a  marked  lessening 
of  the  movement,  followed  by  an  increase  during  the  winter,  indicat- 
ing an  intimate  relation  between  the  volume  of  monthly  rainfall  and 
the  rate  of  movement,  as  shown  by  Table  7,  i^repared  in  January,  1899, 
and  covering  the  surveys  completed  to  that  date. 

TABLE  7. 


Time  of  Observation. 


Dec,  1805.  to  May,  1896,  inclusive 

June,  1896;  to  Nov.,  1896, 

Dec  ,  1896,  to  May,  1897, 

June,  1897,  to  Nov.,  1897. 

Dec,  1897,  to  May,  1898, 

June,  1898,  to  Nov.,  1898, 


Total 
lalnfal!, 
iQ  inches. 


27.58 
18.08 
21.74 
18.69 
25.33 
13.12 


Total  Movement, 
IN  Feet. 


Minimum.    Maximum 


1.09 
0.25 
0.71 
0.03 
0.05 
0.00 


Average  maxi- 
mum move- 
ment per 
month,  in  feet. 


1.30 
0.45 
0.84 
0.14 
0.15 
0.03 


0.23 
0.08 
0.15 
0.02 
0.03 
0.01 


The  readings  are  the  minimum  and  maximum  average  movement  at  eight  different 
points  along  the  center  of  the  slide,  between  Reservoir  No.  4  and  the  "  round  top  " 

The  figures  denoting  the  rainfall  have  been  compiled  from  the 
reports  of  the  United  States  Weather  Bureau.  The  observations  were 
taken  at  the  Weather  Bureau  office,  in  the  City  of  Portland,  1^  miles 
distant  from  the  sliding  land  tract.  Elevation  about  (150).  It  may  also 
be  stated  that  the  six-month  period  following  the  last  one  given  in  the 
table  showed  a  very  marked  increase  in  the  rate  of  the  movement. 

(13)  The  surveys  thus  far  made  do  not  determine  that  the  move- 
ment is  at  a  uniform  rate  at  the  center  and  along  the  sides  of  the 
sliding  ground,  but  probably  there  is  little  difference. 

(14)  Apparently,  the  movement  at  the  surface  and  on  the  bed-rock 
are  uniform. 

(15)  Apparently,  there  is  a  slight  southerly  movement  taking  place 
near  the  west  end  of  the  slide  and  a  northerly  movement  as  well  at 
the  central  portion,  the  bed-rock  being  slightly  inclined  in  these 
directions  as  well  as  to  the  eastward. 

The  inclination  of  the  bed-rock  at  diflerent  points  on  the  t-lide  is 
shown  by  Table  8. 

(16)  The  uniformity  of  the  movement  of  the  slide  is  indicated  by 
the  absence  of  surface  cracks  across  the  central  portions  of  the  slid- 
ing tract. 
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No.  of 
shaft. 


4, 
Vi 
U 

9 
11 

4 
11 

1 

8, 
17 

17 

19 
2 

2 

6 
15 
19 

2 
16 

9 
17 

5 


Elevation 

of 
bed-rock. 

No.  of 

Elevation 

of 
bed-rock. 

Distance 
between 

Differ- 
ence in 

shaft. 

shafts,  in 
feet. 

elevation, 
in  feet. 

(458) 

13 

(4.54) 

214 

4 

(454) 

14 

(437) 

284 

17 

(437) 

9 

(408) 

198 

29 

(408> 

11 

(395  > 

250 

13 

(.S95) 

8 

(3a3) 

298 

12 

(4F8) 

K 

(.383) 

518 

75 

(.395) 

1 

(360) 

268 

35 

(3(iOi 

2 

(297) 

24S 

63 

(383) 

17 

(305) 

420 

78 

(305) 

Ifi 

(235) 
(Tunnel  ) 

362 

10 

(.3051 

7 

(249) 

466 

56 

(Tunnel ) 

(349) 

19 

(231) 

392 

18 

(231. -J 

Power- 
house. 

{    (221) 

194 

7 

(297) 

15 

(233) 
(Mo'm't) 

252 

64 
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(17)  That  the  movement  originated  in  the  unstable  mass  near  the 
western  end  of  the  sliding  ground  is  indicated  by  the  condition  of 
the  joints  in  the  rails  of  the  cable  road  where  running  east  and  west. 
"When  first  examined,  in  September,  1895,  these  joints  were  all  tightly 
closed.  The  rails  were  also  distorted  at  the  angle  just  east  of  Shaft 
No.  6,  as  shown  in  Fig.  2,  Plate  XIX.  These  conditions  seem  to  point 
to  the  conclusion  that  the  pressure  was  mainly  from  above  and  that 
there  had  been  no  drawing  away  of  the  foot  of  the  slope  at  the  reser- 
voirs; or,  in  other  words,  that  the  movement  did  not  originate  at  the 
reservoirs. 

(18)  The  breaks  in  the  lining  of  Reservoirs  Nos.  3  and  4,  and  also 
at  the  buttress  built  against  the  lining  of  Reservoir  No.  3,  have  been 
caused  by  the  movement  of  the  slide,  and  are  not  due  to  local  slips, 
as  at  first  supposed. 

(19)  From  the  shaft  excavations,  the  ct!aracter  of  the  materials 
forming  the  mass  of  the  slide  has  been  determined  to  be  largely  of 
broken  rock  of  small  size  mixed  with  clay.  Across  the  central  por- 
tion  of  the  slide,   in  the  vicinity  of  Shaft  No.  1,  the  clay  and  fine 
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material  predominate,  forming  a  dike  measurably  impervious  to 
■water.  Eastward  from  that  point,  the  material  contains  less  clay,  and 
does  not  hold  a  large  quantity  of  water. 

To  the  west  of  Shaft  No.  2,  and  also  near  the  head  of  the  slide,  the 
excavations  developed  at  some  points  quite  a  body  of  clay.  Between 
Shafts  Nos.  1  and  11,  and  still  further  west,  water  pockets  of  con- 
siderable magnitude  have  been  found.  From  the  pocket  in  connec- 
tion with  Shaft  No.  1  more  than  3  900  000  galls,  of  water  were  pumped 
before  the  supply  was  exhausted;  and,  from  the  one  connected  with 
Shaft  No.  11,  about  500  000  galls,  were  pumped  before  work  was 
abandoned  at  that  point,  this  effort  having  lowered  the  water  but  a 
few  feet. 

(20)  As  a  rule,  there  seemed  to  be  no  direct  connection  between 
the  different  bodies  of  underground  water,  or  between  the  several 
shafts  and  borings. 

(21)  The  several  bodies  of  water  discovered  were  all  in  close  con- 
tact with  the  clay  stratum  forming  the  bed  of  the  slide,  and,  undoubt- 
edly, have  had  miich  to  do  with  the  continuance  of  the  movement. 
This  is  shown  by  the  decrease  in  the  movement  which  occurred  be- 
tween December,  1897,  and  November,  1898,  during  which  period 
the  underground  reservoir  connected  with  Shaft  No.  1  was  drained 
by  pumicing.  Fig.  4  is  a  profile  showing  the  elevation  of  the  water 
standing  in  the  shafts. 

(22)  Comparing  the  rate  of  movement  of  the  slide  at  different  sea- 
sons of  the  year  with  the  volume  of  the  rainfall  during  the  same 
period,  and  noting  also  that  a  greatly  reduced  motion  ensued  during 
the  time  that  the  drainage  of  Shaft  No.  1  was  in  progress,  succeeded 
by  an  increased  movement  during  the  following  winter  when  the 
shaft  was  again  filled,  it  seems  reasonable  to  conclude  that  the  move- 
ment was  largely  if  not  entirely  due  to  the  presence  of  water  in  the 
underground  reservoirs.  It  follows  naturally,  therefore,  that  the  per- 
manent removal  of  underground  waters  woiild  produce  a  permanent 
cessation  of  the  movement. 

The  conclusions  of  the  consulting  engineer  were  practically  in 
accord  with  the  foregoin|  statements.  His  report  also  contained  in- 
teresting references  to  the  probable  origin  of  the  slide,  as  well  as 
recommendations  regarding  the  best  method  of  overcoming  the  diffi- 
cultv. 
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Before  i)ro3eediug  to  dismiss  the  remedy  proj^osed  by  the  con- 
sulting engineer,  and  the  action  taken  siabseqnently  in  connection 
therewith,  mention  should  be  made  of  a  matter  which  at  one  time 
overshadowed  all  other  interests  completely,  threatening  as  it  did 
an  enormous  property  loss  to  the  city. 

Dui'ing  the  latter  i^art  of  the  year  1897,  after  it  became  known  that 
the  Water  Committee  had  entered  upon  an  examination  of  the  sliding- 
land  question  with  the  view  of  determining  the  best  method  of  restora- 
tion, the  owners  of  about  five-sixths  of  the  moving  ground  instituted 
a,  suit  against  the  city  for  damages  to  their  j^roperty.  They  claimed 
that  the  excavation  of  the  reservoirs,  in  the  autumn  of  1893  and  in 
tthe  spring  and  summer  of  1894,  was  the  cause  of  the  movement,  and 
in  consequence  of  this  movement  their  property  had  been  damaged 
to  an  amount  aggregating  ^439  000. 

Two  of  these  suits  were  filed  within  a  few  months  of  each  other. 
The  first  was  filed  on  February  16th,  1898,  by  the  King  Eeal  Estate 
Association,  claiming  damages  to  land,  $169  000,  and  for  injury  to  the 
cable  railway  in  which  they  were  interested,  $100  000,  making  a  total  of 
-|;269  000.  The  second  suit  was  begun  on  May  2d,  1898,  by  L.  F. 
Crrover  et  nl.  who  claimed  damages  to  22.5  acres  of  land,  at  $5  000 
per  acre,  or  $110  000,  and  for  damages  to  the  cable  railway  in  which 
they  were  interested,  $60  000,  making  a  total  of  $170  000. 

The  value  of  these  tracts  of  land,  as  given  on  the  assessment  roll 
for  the  year  1897,  was  as  follows: 

King  Real  Estate  Association,  97  acres $33  OOO 

Grover  et  al.  West  End  Addition,  51  acres 28  100 

Grover  et  al.  West  End  Addition,  77     "     23  000 

Total  assessed  valuation $84  100 

The  claim  made  by  the  plaintiff's  in  these  suits,  that  the  excava- 
tion of  the  reservoirs  was  the  primary  cause  of  the  movement  of  the 
adjacent  hillside,  was  not  regarded  by  the  Water  Committee  as  tenable, 
.■and  it  was  contested  strongly.  The  suits  were  fought  by  the  city 
:attorney  at  every  stage.  In  consequence  of  these  dilatory  proceed- 
ings, the  issues  were  not  fully  made  up  and  the  trial  begun  until 
J^ovember  7th,  1899. 

The  report  of  the  consulting  engineer  had  been  submitted  to  the 
Water  Committee  during  the  preceding  March,  but  had  been  with- 
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held  from  i>ul)lication,  on  accouut  of  the  damage  suits  ■which  had  been 
instituted,  and  in  order  not  to  ai)i>ear  to  prejudge  the  case  in  advance 
of  the  trial.  It  was  also  desired  that  the  conclusions  of  the  report 
slioiild  be  presented  first  in  the  form  of  testimony  for  the  defense 
ujjon  the  trial  then  in  i)rosi)eL-t. 

During  the  year  1899,  the  time  of  the  engineers  was  largely  en- 
grossed in  the  study  of  the  sliding-land  data  already  gathered,  and  in 
preparing  maps,  plans,  profiles  and  exhibits  of  various  kinds  for  use 
in  the  coming  trial,  or  to  illustrate  some  new  jjbase  of  the  i)roblem  in 
hand. 

The  trial,  which  was  begun  on  November  7th,  1899,  was  of  exceed- 
ing interest,  and  importance,  as  well,  both  on  account  of  the  novelty 
of  the  conditions  leading  to  its  inception  and  the  magnitude  of  the 
pecuniai'y  interests  involved.  The  case  was  studied  closely  by  the  city 
attorney,  who  was  early  impressed  by  the  fact  that  the  cable  road  had 
bean  in  successful  operation  for  nearly  a  year  prior  to  the  beginning 
of  reservoir  construction,  and,  as  far  as  then  known,  there  had  been 
no  difficulty  in  its  operation.  This  was  regarded  as  a  strong  point  for 
the  plaintiff',  and  as  indicating  that  the  reservoir  excavation  Avas  the 
originating  cause  of  the  movement. 

The  investigations  made  by  the  engineers  seemed  to  point  con- 
clusively to  the  fact  that  the  movement  of  the  slide  must  have  been 
in  progress  for  some  years,  at  least  intermittently,  but  it  was  impos- 
sible to  determine  when  the  movement  began.  Owing  to  the  fact  that 
the  hillside  was  covered  originally  with  a  dense  forest  of  firs  and 
cedars,  with  a  smaller  growth  of  vine,  maple  and  alder,  of  which  it 
had  been  cleared  but  a  short  time  prior  to  the  construction  of  the 
cable  road,  it  would  have  been  exceedingly  difficult  if  not  impossible 
to  determine  the  existence  of  any  movement  from  a  simple  inspection 
of  the  ground,  especially  when  the  monthly  or  yearly  change  was  as 
slight  as  it  is  known  to  have  been  in  this  instance.  In  further  explana- 
tion of  the  difficulties  attending  such  observations,  it  may  be  said 
that  when  reservoir  construction  was  begun,  the  banks  of  the  ravine 
in  which  the  reservoirs  are  located  were  covered  with  fallen  timber 
and  dense  brush,  and  the  upper  or  western  third  of  the  sliding  tract 
is,  to  this  day,  covered  with  brush,  which,  during  the  summer  months, 
eflfectually  shields  the  ground  from  observation,  making  imperative 
the  use  of  instruments  in  order  to  gain  even  an  approximate  measure- 
ment of  any  movement  which  may  be  taking  place. 
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When  the  facts  supporting  the  theory  of  "an  ancient  slide"  were 
placed  in  the  hands  of  the  city  attorney^  he  at  once  began  a  campaign 
of  investigation  and  search  to  determine  the  location  of  the  men  em- 
ployed in  surveying,  building  and  operating  the  cable  road  during 
the  two  years  that  elapsed  between  the  time  that  the  work  was  begun 
and  the  final  abandonment  of  the  enterprise.  The  search  continued 
for  months,  and,  when  the  day  of  trial  came,  the  mass  of  testimony 
which  had  been  accumulated  (all  tending  to  substantiate  the  claim 
that  the  movement  of  the  hillside  was  in  progress  when  the  cable  road 
was  completed,  a  year  jirior  to  the  commencement  of  reservoir  con- 
struction), must  have  been  a  surprise  to  the  plainti£fs.  So  many  wit- 
nesses were  offered  to  testify  to  a  movement  of  the  cable  track  at 
certain  points  that  the  Court  declined  to  hear  them  all,  considering 
that  fact  established  beyond  question.  The  witnesses  who  testified  on 
these  points  included  the  contractor  who  built  the  line,  and  the  in- 
spector and  car  men  who  operated  the  road  after  it  was  built,  all  of 
whom  testified  to  the  difficulties  experienced  in  maintaining  bridge 
bents  in  a  vertical  position  on  the  east  and  west  line,  and  the  align- 
ment of  the  cable  conduit  and  rails  where  they  crossed  the  slide 
from  north  to  south.  The  contractor  also  recounted  some  of  his  ex- 
periences in  forcing  the  track  back  into  line,  so  as  to  admit  of  cars 
passing  in  safety,  and  to  insiire  its  acceptance  by  the  comi^any. 

The  engineers  engaged  as  expert  witnesses  for  the  city  formulated 
the  theory  of  an  "ancient  slide"  and  showed  the  dejDth  and  character 
of  the  material  forming  the  mass  of  the  slide,  as  well  as  the  inclination 
of  the  bed-rock  and  the  presence  of  a  stratum  of  plastic  clay,  with  an 
abundance  of  water  stored  in  the  interstices  of  the  rock  in  immediate 
connection  therewith,  all  supported  by  the  data  to  which  reference 
has  been  made  herein.  They  were  also  fortified  by  a  number  of  plans 
and  "exhibits"  prepared  especially  for  use  on  the  trial,  to  which  it 
may  be  interesting  to  refer  briefly. 

The  principal  one  of  these  exhibits,  and  in  many  respects  the  most 
valuable  of  all,  was  a  plaster-of-paris  model  of  the  reservoirs  and  the 
sliding  ground,  including  also  the  water-shed  surrounding  the  head 
of  the  "slide,"  made  on  a  scale  of  1:600,  which  was  prepared  by  the 
Water  Committee's  engineers.  This  model  showed  the  original  ravines 
in  which  the  reservoirs  are  located  and  the  volume  of  the  material  re- 
moved in  excavating  the  reservoir  basins,  as  well  as  the  location  and 
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depth  of  the  ravines  which  were  tilled  by  the  proi^erty  owners,  with- 
out adequate  under  drainage.  The  mass  of  the  slide  was  also  cast  in 
a  separate  block  which  could  easily  be  removed  so  as  to  show  the 
depth  of  the  slide  and  the  inclination  of  the  bed-rock  on  which  the 
movement  was  then  taking  place.  From  this  model  was  shown  the 
relative  insignificance  of  the  volume  of  the  material  removed  in  exca- 
vating the  reservoir  basins,  which  amounted  to  only  about  (i%  of  the 
mass  of  the  slide,  and  the  improbability  that  the  removal  of  this  small 
volume  could  have  caused  a  movement  of  the  slide  of  the  magnitude 
known  to  exist. 

Another  interesting  exhibit  used  upon  the  trial  Avas  a  diagram 
showing  a  comparison  of  the  volume  of  the  rainfall  and  the  move- 
ment of  the  slide  for  corresi^onding  months,  from  January,  1895,  to  the 
date  of  the  trial.  This  diagram  has  since  been  extended  so  as  to 
cover  the  entire  period  during  which  the  surveys  have  been  continued. 
This  diagram  is  shown  in  Plate  XXV. 

The  measurement  of  rainfall  was  taken  from  the  reports  of  the 
United  States  Weather  Bureau  in  Portland.  It  is  to  be  noted  that 
while  the  amount  of  precipitation  is  extremely  large  for  some  months, 
notably  13. 12  ins.  for  November,  1896,  the  average  for  any  one  season 
rarely  exceeds  44  ins. 

The  movement,  as  recorded  on  the  diagram,  is  the  average  of 
fourteen  points  observed  at  intervals  along  the  central  portion  of  the 
sliding  ground,  where  the  maximum  movement  was  supposed  to  have 
taken  place,  from  September,  1895,  to  December,  1899.  Since  the 
latter  date  the  average  of  a  large  number  of  points  has  been  taken, 
two  hundred  and  sixty  i^oints  having  been  established  and  observed 
regularly.  The  average  of  the  readings  at  fifty-one  of  these  points, 
along  a  central  belt  100  ft.  A\-ide,  has  been  used  in  plotting  the  dia- 
gram of  movement  for  1900-1903.  Merely  casual  inspection  and  com- 
parison will  serve  to  show  the  apparently  close  relation  which  exists 
between  the  volume  of  the  rainfall  during  what  may  be  called  the  wet 
and  dry  seasons  of  the  year — say,  from  December  to  May,  inclusive, 
for  the  former,  and  from  June  to  November,  inclusive,  for  the  latter 
— and  the  movement  of  the  slide  during  the  same  period.  It  will  be 
seen  from  the  diagram  that  with  each  recurring  dry  season  there  was 
a  corresponding  cessation  of  the  movement,  and  that  with  the  be- 
ginning of  the   winter  rains  the   movement  increased.       It   is  to  be 
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note.l,  also,  thab,  in  eacli  instance,  an  interval  of  al>out  one  month 
elapsed  between  a  change  in  the  volume  of  rainfall  and  the  corre- 
sponding change  in  the  rate  of  movement. 

An  inspection  of  the  diagram  will  show  at  once  one  irregularity 
in  the  yearly  movement,  namely,  a  marked  increase  in  the  monthly 
movement  during  the  winter  months  is  followed  usually  by  a  corre- 
sponding diminution  with  the  return  of  dry  weather.  The  expla- 
nation of  this  irregularity  in  the  movement,  which  occurred  during 
the  years  1897  and  1808,  forms  one  of  the  most  interesting  of  the 
developments  which  have  occurred  since  the  study  of  this  problem 
was  begun. 

It  will  be  recalled  that  while  the  excavation  of  Shaft  No.  1  was  in 
progress  considerable  water  was  found,  the  draining  of  which  was 
accomplished  by  deep-well  pumps.  The  draining  of  this  well  was  in 
progress  from  August  19th,  1897,  until  January  31st,  1898,  the  total 
volume  of  water  removed  during  that  period  being  more  than 
3  9O0  000  galls.  Even  then,  the  underground  reservoir  had  not  been 
drained  thoroughly,  for,  when  pumping  ceased,  the  water  rose  in  the 
shaft  to  a  height  of  several  feet. 

By  observing  the  diagram  it  will  be  noted  that  when  jDumping 
from  this  shaft  was  in  jarogress,  the  movement  did  not  increase  as 
rapidly  during  the  winter  months  as  it  had  during  former  seasons, 
although  there  was  a  slight  increase  from  August  to  February  when 
the  maximum  for  that  year  was  reached.  The  movement  for  February, 
1898,  was  only  0.30  in.,  as  compared  with  2.69  ins.  for  February,  1897, 
and  0.85  in.  for  February,  1S99.  Perhaps  this  irregularity  can  be 
shown  best  by  comjiaring  the  total  movement  for  the  entire  season 
preceding  with  the  total  movement  for  the  season  following  the  drain- 
age operations.  From  May,  1896,  to  May,  1897,  the  total  movement 
was  13.10  ins.  From  May,  1897,  to  May,  1898,  during  a  portion  of 
which  period  pumping  was  in  progress,  the  total  movement  amounted 
to  only  1.57  ins.;  and  this  was  followed  by  an  increase  to  3.69  ins. 
during  the  year  beginning  May,  1898,  and  ending  May,  1899. 

It  is  probable  that  the  decreased  movement  noted  during  the  year 
1898  was  due  in  part  to  the  pumping  of  water  from  Shaft  No.  18,  in 
July  and  August,  amounting  to  650  000  galls.,  and  from  Shaft  No.  11, 
in  October  and  November,  amounting  to  540  000  galls.,  but  it  is  be- 
lieved to  have  been  due  principally  to  the  thorough  drainage  of  the 
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nndcrgronuil  reservoir  connected  with  Shaft  No.  1.  As  has  been 
stated,  the  drainage  of  this  hodv  of  water  was  practically  completed 
in  January,  189S,  i)unii}ing  having  been  suspended  on  the  Slst  of  that 
month,  and  the  water  was  thereafter  allowed  to  accumulate,  the  rise 
in  the  shaft  indicating  the  rate  at  which  the  reservoir  was  being  filled. 
This  I'ate  was  noted  carefully,  and  it  was  observed  that  the  under- 
ground reservoir  was  not  filled  to  its  original  height  until  the  end  of 
December  of  that  year. 

During  the  period  when  tbis  underground  reservoir  was  I  emg 
drained,  and  for  some  months  thereafter,  the  movement  was  at  a 
greatly  diminished  rate.  When  the  underground  reservoir  was  again 
filled  the  rate  of  movement  began  to  increase  until  it  was  more  than 
double  that  of  the  preceding  year,  and  this  uniformity  of  rise  and  fall 
was  continued  for  the  two  seasons  following. 

It  was  this  seeming  coincidence  of  the  cessation  of  the  movement 
with  the  draining  of  the  underground  reservoir  at  Shaft  No.  1  which 
first  changed  conviction  into  certainty  that  the  cause  of  the  slide  was 
to  be  found  in  the  underground  water  stored  in  various  portions  of  the 
sliding  ground,  and  hence  it  followed  that  a  rtmedy  for  the  difiiculty 
was  to  inaugurate  a  thorough  system  of  drainage. 

This  diagram  was  one  of  the  most  important  and  convincing  "ex- 
hibits" introduced  by  the  Water  Committee  in  defending  the  suit,  as 
it  showed,  clearly,  that  the  movement  depended  more,  and  chiefly, 
upon  the  volume  of  water  falling  upon  the  surface  and  stored  in 
undergi'ound  reservoirs  in  the  interstices  of  the  broken  rock  forming 
a  large  portion  of  the  mass  of  the  slide,  than  upon  the  removal  of  a 
small  fragment  of  earth  from  the  toe  of  the  slope.  In  addition  to  the 
foregoing,  a  number  of  cross-sections  of  the  sliding  ground,  and  tables 
showing  the  results  of  surveys,  etc.,  were  introduced  at  the  trial.  The 
cross-sections  are  sbown  on  Plate  XXII. 

The  trial  of  the  damage  suit  of  the  King  Real  Estate  Association, 
the  first  one  instituted,  was  begun  on  November  9th,  and  was 
terminated  on  November  28th,  1899,  in  a  verdict  m  favor  of  the  city. 

The  expert  witnesses  who  testified  for  the  plaintiff  were  Arthur  L. 
Adams,  M.  Am.  Soc.  C.  E. ;  Franklin  Riffle,  M.  Am.  Soc  C.  E.,  and  W. 
A.  Crondahl,  C.  E.  Those  who  testified  for  the  city  were  Col.  G.  H. 
Mendell,  M.  Am.  Soc.  C.  E. ,  Consulting  Engineer  (since  deceased); 
George  L.  Dillmau,  M.  Am.  Soc.  C.  E.  ;F.  I.  Fuller,  M.  Am.  Soc.  C  E., 
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aud  J.  A.  Hiirlbut,  C.  E,  The  testimony  of  these  witnesses  was  of  an 
exceedingly  interesting  character,  but  special  reference  to  it  at  this 
time  is  omitted  purposely,  in  the  hope  that  some  of  these  gentlemen 
will  participate  in  the  discussion  of  this  paper,  giving  the  results  of 
their  investigations  and  conclusions. 

As  a  result  of  this  verdict  the  second  suit  was  not  pressed  for  trial, 
althoiigh  an  attemjjt  was  made  by  the  city  to  have  it  set  for  an  early 
date.  In  a  few  weeks,  however,  the  several  owners  of  the  sliding  land 
made  overtures  to  the  Water  Committee  to  sell  to  the  city  a  large 
tract,  nearly  60  acres,  including  the  sliding  land  and  surrounding 
water-shed,  for  a  sum  which  was  regarded  as  reasonable,  and  the  pur- 
chase of  this  land  was  completed  a  few  months  later.  Thus  the  Water 
Committee  acquired  control  of  all  the  lands  adjacent  to  the  reservoirs, 
aud  sloping  thereto,  and  hence  will  be  able  to  eliminate  all  danger  of 
complications  which  might  arise  through  occupation  of  the  premises 
by  ijrivate  owners.  This  tract,  ultimately,  will  be  added  to  the 
present  City  Park,  which  it  adjoins,  making  an  area  of  more  than  100 
acres  available  for  jiark  purposes. 

The  purchase  of  the  sliding-laud  tract  by  the  city  was  concluded  in 
May,  1900,  the  terms  arranged  with  the  property  owners  including  an 
agreement  for  the  construction  of  a  24-in.  sewer  to  convey  the  surface 
drainage  from  the  upper  portion  of  the  King  ravine  water-shed  into 
the  Washington  Street  sewer,  north  of  the  reservoirs,  this  sewer  to 
be  completed  prior  to  October  1st,  1901.  The  drainage  from  this 
ravine,  originally,  was  provided  for  by  a  24-in.  sewer  which  passed 
near  the  north  end  of  Reservoir  No.  3,  and  thence  through  the  Park  to 
the  main  sewer  in  Washington  Street.  The  new  sewer  was  proposed 
as  an  additional  safeguard. 

Daring  June,  1900,  the  writer  presented  to  the  Water  Committee  a 
statement  of  the  work  then  accomplished  and  the  reasons  for  believing 
that  the  slide  could  be  stopped  by  a  thorough  system  of  under-drain- 
age  along  bed-rock,  as  recommended  by  the  consulting  engineer  and 
supported  by  the  testimony  of  the  engineers  engaged  as  expert  wit- 
nesses upon  the  trial  of  the  King  damage  suit,  in  behalf  of  the  plain- 
tiff as  well  as  the  defendant,  and  requested  authority  to  undertake  the 
immediate  construction  of  the  drainage  tunnels  in  question.  This  re- 
port was  accompanied  by  a  map  sho\ving  the  main  drainage  tunnels 
proposed.     The  plan  jjroposed  by  the  consulting  engineer  called  for 
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the  construction  of  the  main  tunnel  leading  west  from  Keservoir  No. 
4  to  the  line  of  the  old  cable  track  on  Kingston  Avenue,  and  left  the 
question  of  branches,  or  the  further  extension  of  the  main  tunnel,  to 
be  determined  as  the  work  progressed.  Upon  this  presentation,  the 
writer  was  directed  by  the  Water  Committee  to  begin  the  work  of 
tunnel  construction  at  once.  All  preliminarj-  arrangements  were  soon 
made,  and  the  work  of  exsavation  for  the  drainage  tunnels  was  begun 
on  July  2d,  1900. 

The  size  of  the  tunnel  was  fixed  at  the  smallest  dimensions  that 
would  conveniently  answer,  the  inside  dimensions  being  8  ft.  2  ins. 
wide  on  top,  3  ft.  9  ins.  wide  at  the  bottom,  with  a  clear  height  of  5  ft. 
4  ins.  The  timbers  used  were  6  x  8-in.  spaced  at  3-ft.  centers,  with 
2  X  8-in.  lagging.  The  required  excavation  ajiproximated  1.25  cu.  yds. 
per  linear  foot  of  tunnel.      (See  Fig.  5. ) 

The  plan  adopted  for  the  prosecution  of  the  work  called  for  the 
commencement  of  the  excavation  at  the  lower  end  of  the  tunnel  at  the 
bottom  of  Keservoir  No.  4,  and  also  at  one  or  more  of  the  exploration 
shafts  which  had  been  ojjened  to  bed-rock  two  years  before,  the  line 
adopted  for  the  main  tunnel  passing  through  Shafts  Nos.  18,  2  and  1 
to  Shaft  No.  11  at  the  cable  road.  These  shafts  were  made  3  ft.  2  ins. 
square,  in  the  clear.  To  expedite  the  work  at  these  shafts,  a  small 
hoist  was  constructed  to  be  operated  by  a  steam  engine,  similar  to 
those  in  use  by  builders.  This  hoist,  necessarily,  was  of  rather  dimin- 
utive size,  the  platform  being  only  25  ins.  wide  in  the  clear  between 
the  side  timbers,  and  about  30  ins.  long.  Several  small  dump  cars,  of 
such  siz3  as  could  hi  carried  safely  upon  the  platform  of  the  hoist, 
were  made,  the  capacity  of  the  box  being  about  5  cu.  ft.  The  gauge  of 
the  track  was  18  ins.  The  wheals  were  9  ins.  in  diameter.  These  cars 
were  run  on  a  strap-iron  track  laid  on  2  x  4-in.  stringers  on  the  floor 
of  the  tunnel,  and,  when  filled,  were  pushed  by  hand  to  the  foot  of  the 
shaft  and  thence  hoisted  to  the  surface  and  dumped.  In  most  cases 
the  grade  of  the  tunnel  was  sufficient  to  take  the  car  from  the  heading 
to  the  shaft  by  gravity,  the  empty  cars  being  pushed  back  by  hand. 
This  arrangement  proved  to  be  quite  effective  and  economical. 

To  expedite  the  work,  day  and  night  crews  were  employed,  for  a 
time,  at  two  different  headings,  until  the  tunnel  had  been  completed 
as  far  as  Shaft  No.  2.  From  that  point  only  one  heading  was  worked, 
although  day  and  night  crews  were  employed,  each  working  a  ten-hour 
shift. 


A    PHENOMENAL   LAND   SLIDE.  385 

Comparatively  little  water  was  encountered  during  the  early  stages 
of  the  work,  and  it  was  not  until  October  30th,  when  the  tunnel 
reached  the  vicinity  of  Shaft  No.  1,  a  distance  of  890  ft.  from  Keser- 
Toir  No.  4,  that  water  was  found  in  any  considerable  quantity.  At 
this  point,  the  water  stored  in  Shaft  No.  1,  then  standing  at  a  depth 
of  70  ft. ,  was  drained  away.  A  few  days  later  the  tunnel  was  carried 
to  the  foot  of  the  shaft,  912  ft.  from  Eeservoir  No.  4,  and  connection 
was  made  with  the  water-bearing  stratum  from  which  the  shaft  had 
been  supplied.  For  a  number  of  hours  the  discharge  of  water  from 
this  source  was  so  strong  that  it  overflowed  the  box  gutters  prepared 
for  it,  and  caused  the  susijcnsion  of  all  work.  The  flow  diminished 
somewhat  within  an  hour  or  two,  but  it  was  estimated  that  ai)proxi- 
mately  1  800  000  galls,  were  drained  away  within  the  next  twenty 
days,  by  which  time  the  flow  had  diminished  to  about  25  000  galls. 
per  day. 

About  the  middle  of  January,  1901,  the  tunnel  excavation  had 
reached  Shaft  No.  11,  1  175  ft.  from  Eeservoir  No.  4.  The  water 
standing  in  this  shaft  was  drained  away  safely,  but  the  flow  from  the 
loose  material  surrounding  the  shaft  continued  at  the  rate  of  165  000 
galls,  per  day  for  a  number  of  days.  Before  reaching  this  shaft,  the 
tunnel  passed  through  a  wall  of  light-colored  clay,  some  18  to  20  ft. 
in  thickness,  and  so  dense  and  compact  that  very  slow  progress  could 
be  made  with  the  excavation.  Only  a  small  fragment  could  be  removed 
on  the  i^oint  of  a  pick,  and  at  times  wedges  were  used  to  break  out 
blocks  of  the  material. 

The  finding  of  this  wall  of  comj^act  material  to  the  eastward  of 
this  shaft  was  confirmatory  of  the  diagnosis  of  the  consulting  engi- 
neer, for,  apparently,  this  wall  or  dike  of  clay  was  holding  back  the 
water  in  the  undergroiind  reservoir  in  exactly  the  same  manner  as  was 
done  by  the  body  of  clay  found  to  the  eastward  of  Shaft  No.  1.  In 
both  instances  the  body  of  clay  was  so  compact  as  to  be  practically 
impermeable  to  water. 

The  flow  of  water  from  the  underground  reservoir  at  Shaft  No.  11 
proved  to  be  so  strong  that  it  interfered  with  the  continuance  of  the 
tunnel  work  at  that  point,  and,  accordingly,  the  tunnel  party  was 
moved  back  to  Shaft  No.  1,  from  which  point  a  branch  tunnel  was 
started  in  a  northwest  direction  toward  Shaft  No.  8.  This  tunnel  was 
begun  in  January,  1901,  and  on  March  29th  was  completed  to  Shaft 
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No.  8,  a  distance  of  427  ft.  Only  small  quantities  of  water  were  found 
in  this  tunnel.  A  small  quantity  bad  accumulated  in  Shaft  No.  8  and- 
the  short  tunnel  connected  therewith. 

Work  on  the  main  tunnel,  at  Shaft  No.  11,  was  resumed  in  April, 
the  water  stored  in  the  interstices  of  the  rock  having  drained  away  by 
that  time,  so  as  to  admit  of  the  continuation  of  the  tunnel  excavation 
with  some  degree  of  comfort.  The  flow,  however,  continued  for  som& 
time  at  the  rate  of  from  50  000  to  60  000  galls,  j^er  day. 

Instead  of  running  west  from  this  point,  on  the  course  laid  down 
originally,  it  was  decided  to  deflect  the  tunnel  to  the  southwest  so  as 
to  reach  the  southern  limit  of  the  slide,  thus,  with  the  northern 
branch,  covering  the  entire  width  of  the  sliding  ground  and  serving-^ 
to  cut  off  any  and  all  bed-rock  drainage  from  the  west. 

The  southern  rim  of  the  slide  was  reached  on  June  14th,  1901,  the 
tunnel  excavation  having  passed  bey>3nd  the  limit  of  the  water-bear- 
ing material  and  into  dry  clay.  The  line  of  the  movement  at  the 
margin  of  the  slide  was  defined  j^lainly  between  two  masses  of  yellow 
clay,  the  marginal  slope  being  1.2  vertical  to  1  horizontal,  from  the 
tunnel  level  to  the  surface  of  the  ground. 

TABLE  9. — Cost   of  Dbainage  Tunnels,  June,  1900,  to  Decembee, 

1901. — EXPENDITUKES  TOK   MATERIALS    AND    LaBOE,     EXCLUSIVE     OP 

Surveys  and  Supeeintendence. 


Date. 

Linear  feet  con- 
structed. 

Average  cost  per 
linear  foot. 

Total  cost. 

1900. 

$87.71 

July 

157 
308 
257 
109 
76 
161 

131 
167 
180 

96 
175 
170 
183 
217 

61 

$5.14 

4.28 

5.18 

5.18 
14.11 

5.31 

7., 54 

4.66 

5.18 

9.35  • 

5.46 

5.72 

4.78 

5.01 

5.30 

807.16 

1  317.88 

September 

1  33(1.48 

876.01 

1  072.61 

December 

854.63 

1901. 

987.77 

February 

777.80 

March 

932.29 

April 

898.26 

May 

956.17 

June 

972. J8 

July 

870.78 

1  086.80 

September 

323.00 

9.32 

December 

Totals 

3  507 

$5.65 

$14  161.14 
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Wheu  the  excavation  had  reached  this  iioint,  the  Committee  de- 
cided to  continue  the  tunnel  to  the  extreme  western  end  of  the  slide 
in  order  to  insure  the  drainage  of  all  large  water  deposits.  This 
western  extension  of  the  tunnel  was  begun  in  June,  1901,  and,  passing 
through  Shafts  Nos.  14  and  13,  was  completed  on  September  11th,  to 
Shaft  No.  4  near  the  extreme  western  end  of  the  sliding  tract.  The 
force  was  then  disbanded.  The  total  length  of  drainage  tunnel  com- 
pleted during  the  fourteen  months  that  the  work  w  as  in  progress  was 
2  507  lin.  ft.,  costing,  for  material  and  labor,  S14  1(51. 

The  wages  paid  were:  Outside  laborers,  $2  per  day  of  10  hours; 
tunnel  men,  ^2.25  and  $S  per  day. 

The  main  characteristics  of  the  material  encountered  in  the  tun- 
nel are  shown  uj^ou  the  profile  of  the  tunnel  line,  Plate  XXVI,  but 
the  following  details  may  be  of  interest  : 

When  the  drainage  tunnel  was  commenced,  the  initial  point  was 
established  at  the  lowest  jjoint  in  the  reservoir  bottom,  opi)osite  the 
gate-house,  from  which  point  a  12-in.  drain  pipe,  laid  during  the 
original  construction,  connected  with  the  main  sewer.  Borings, 
made  in  1895-96,  had  developed  the  fact  that  most  of  the  reservoir 
bottom  was  either  upon  or  within  a  few  feet  of  bed-rock,  while  a  few 
feet  west  of  the  bottom,  and  immediately  underneath  the  west  slope, 
was  found  a  bed  of  clay  which  extended  from  12  to  20  ft.  below  the 
reservoir  bottom.  Apparently,  this  depression  in  the  bed-rock  had 
been  the  ancient  bed  of  the  creek  which  had  been  filled  by  the  slide, 
thus  causing  the  creek  to  form  a  new  bed  further  east  and  upon  a 
higher  level.  It  was  expected  that,  for  the  first  75  to  100  ft.,  the 
tunnel  would  be  in  this  clay  bed  and  quite  a  distance  above  the  bed- 
rock, and  it  w'as  not  known  but  that  secondary  lines  of  movement 
might  be  found  as  low  as  the  bottom  of  the  reservoir  ;  but  this  did  not 
prove  to  be  the  case.  For  the  first  few  feet  a  ridge  of  loose  rock,  .3  ft. 
high,  W'as  encountered,  and  after  passing  this  loose  rock  dike  only 
clay  was  found  until  the  bed-rock  was  struck  on  its  upward  slope,  at 
a  distance  of  about  200  ft.  from  the  mouth  of  the  tunnel.  For  the 
first  70  ft.  the  tunnel  grade  rose  2  ft. ,  and  from  that  i3oint  the  slope 
was  uniform  to  the  bottom  of  Shaft  No.  18,  where  bed-rock  had 
already  been  uncovered.  While  passing  through  this  mass  of  clay 
no  cracks  which  gave  the  slightest  indication  of  an\-  movement  at 
the  level  of  the  tunnel  were  found. 
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At  a  distance  of  164  ft.  from  the  reservoir,  the  new  tunnel  j)assed 
under  the  short  tunnel  built  in  1894  in  the  rear  of  the  concrete  retain- 
ing wall.  It  was  in  this  old  tunnel  that  an  old  tree  stump  or  log  of 
wood,  in  a  fair  state  of  preservation,  was  found,  at  an  ajJiDrosimate 
depth  of  40  ft.  below  the  original  surface  of  the  ground. 

The  sewer,  for  the  conveyance  of  the  surface  water  from  the  water- 
shed of  King  ravine  into  the  Washington  Street  sewer,  to  which  refer- 
ence has  already  been  made,  consisted  of  1  602  ft.  of  24-in.  terra  cotta 
l^ipe  and  148  ft.  of  14-in.  cast-irou  i:)ipe,  a  total  length  of  1  750  ft.  Its 
construction  was  begun  in  July  and  comj^leted  early  in  November, 
1901,  and  cost,  for  materials  and  labor,  $5  123. 

As  has  been  stated,  the  drainage  tunnels  wei-e  completed  in  Sep- 
tember, 1901,  arid  since  that  date  the  only  work  in  connection  with 
the  reservoirs  has  been  to  make  frequent  surveys  of  the  lines  estab- 
lished to  determine  the  rate  of  the  movement,  and  also  to  measure 
the  flow  of  water  from  the  tunnels. 

The  range  lines  established  in  1895,  when  the  limits  of  the  slide 
had  not  been  defined  closely,  were  observed  regularly  until  Decem- 
ber, 1899.  At  that  time  it  was  decided  to  establish  a  new  series  of 
lines  covering  the  ground  more  thoroughly  than  had  been  done  here- 
tofore. In  pursuance  of  this  plan  range  lines  were  marked  out,  cross- 
ing the  sliding-land  tract  from  north  to  south,  at  intervals  of  100  ft. 
for  the  entire  distance  between  the  reservoirs  and  the  apex  of  the 
slide.  (See  Fig.  6.)  Points  for  observation  were  established  along 
these  lines  at  intervals  of  50  ft.,  making  a  total  of  two  hundred  and 
sixty  points  known  to  stand  ujDon  ground  which  had  been  moving. 
These  points  were  marked  by  a  section  of  1  or  1^-in.  iron  pipe  about 
20  ins.  long,  driven  flush  with  the  surface  of  the  ground,  the  top  of 
the  pipe  being  filled  with  lead  in  which  a  tack  was  driven.  Surveys 
of  these  range  lines  have  been  made,  at  frequent  intervals  since  they 
were  established,  and  the  results  of  these  surveys  have  been  tabulated 
and  plotted  upon  Plate  XXV,  showing  the  comparison  between  the 
rainfall  and  the  movement  of  the  slide. 

In  further  explanation  of  this  diagram  it  may  be  said  that  the 
monthly  movement  during  the  years  1895  to  1899,  inclvisive,  has  been 
computed  from  the  average  of  readings  taken  at  fourteen  points  estab- 
lished along  seven  of  the  original  range  lines,  situated  within  the 
limits  of  a  central  belt,  200  ft.  wide,  extending  from  the  north  end  of 
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DIAGRAM  SHOWING  RANGE  LINES  ESTABLISTHED  IM  DECEMBER,  1899,  COVERING 
THE  ENTIRE  AREA  OF  MOVING  GROUND,  AND  OBSERVED  -SINCE  THAT  DATE. 
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Reservoir  No.  4  to  the  center  of  the  "round  top,"  west  of  Kingston 
Avenue  and  the  old  cable  railway.  The  course  of  this  central  belt 
approximates  closely  the  line  of  the  maximum  movement. 

The  points  selected  from  the  surveys  made  since  December,  1899, 
have  been  taken  from  the  central  belt,  and  comprise  fifty-one  stations 
taken  from  seventeen  of  the  north  and  south  range  lines.  (The  ob- 
servations plotted  show  a  movement  somewhat  in  excess  of  the  average 
of  all  the  points,  covering  the  entire  area  of  the  moving  ground.) 

From  a  study  of  Plate  XXV  and  other  data  it  is  very  apj^arent  that 
the  tunnels  have  been  effective  in  draining  away  the  water  pockets  and 
bringing  about  a  condition  of  stability  in  the  sliding  mass.  It  is  also 
to  be  noted  how  closely  the  decreasing  movement  of  the  slide  seems 
to  have  corresponded  with  the  progress  of  the  tunnel  work  and  the 
increasing  area  of  drained  ground. 

The  results  of  the  drainage  work  thus  far  have  been  very  satisfac- 
tory, for  during  the  two  years  which  have  elapsed  since  the  tunnels 
were  completed  there  has  been  no  appreciable  movement  of  the  shde. 
The  surveys  have  shown  some  slight  variations  at  individual  points, 
from  month  to  month,  but  these  variations  have  not  been  confined  to 
one  locality  and  not  always  to  consecutive  points  upon  the  same  range 
line.  Under  the  circumstances,  it  has  been  thought  but  fair  to 
assume  that  the  variations  noted  in  the  readings  at  various  points 
have  been  due  in  part  at  least  to  errors  in  the  instrumental  work. 

The  instrument  used  in  making  these  surveys  since  1897  is  a  Buflf 
and  Berger  transit-theodolite.  No.  11,  purchased  expressly  for  this 
work.  Care  has  been  taken  to  insure  the  accuracy  of  the  surveys 
which  have  been  made  from  month  to  month,  these  having  been  re- 
peated in  whole  or  in  part  more  than  eighty  times  during  the  past 
eight  years.  As  a  rule,  the  readings  have  been  taken  from  a  single 
transit  station  at  the  end  of  each  range  line,  a  plumb-bob  string, 
carefully  supported,  being  used  instead  of  a  line  rod.  In  order  to 
be  conservative  in  the  matter,  it  has  been  considered  that  a  varia- 
tion of  0.02  ft,  between  consecutive  monthly  readings  did  not 
necessarily  mean  that  a  movement  had  taken  place  at  any  point  dur- 
ing any  particular  month.  If  successive  surveys  showed  an  increas- 
ing vai'iation  from  the  original  line  it  was  then  assumed  that  there 
had  actually  been  a  movement  at  that  point.  The  photographs  show 
that  the  surface  of  the  slide  is  rough  and  broken,  and  hence  it  will 
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foe  seen  tlaat  a  sight  at  the  tack  lioad  could  not  always  be  taken.  It 
has  therefore  been  "assumed  that  for  the  purposes  of  the  work  0. 02  ft. 
was  not  an  unreasonable  allowance  for  instrumental  error  in  the  siirvey 
of  the  range  lines. 

The  flow  of  water  from  the  tunnel  drains  has  been  observed  at  fre- 
quent intervals  since  their  completion,  and  the  daily  flow  has  been 
found  to  range  between  10  000  and  15  000  galls,  during  the  summer, 
and  from  25  000  to  50  000  galls,  during  the  winter.  After  severe  rain 
storms  the  flow  sometimes  increases  to  75  000  galls,  per  day  for  a  short 
time. 

The  results  achieved  have  been  particularly  gratifying,  for,  while 
ihe  expense  of  the  reclamation  work  thus  far  undertaken  has  been 
quite  large,  amounting  to  more  than  $31  000  during  the  years  1895  to 
1901,  exclusive  of  the  outlay  for  engineering  and  superintendence,  yet 
the  results  accomplished  fully  justify  the  course  followed  by  the  Water 
•Committee. 

The  patience  of  the  Water  Committee  in  waiting  for  the  plans  of 
the  engineers  to  be  fully  developed,  and  their  wisdom  and  courage  in 
executing  these  plans  so  thoroughly  after  they  had  been  formulated, 
is  especially  worthy  of  mention. 

The  Committee  can  now  look  forward  with  confidence  to  the  time, 
not  far  distant,  when  the  reservoirs  can  be  fully  repaired  and  put  into 
service,  thus  forming  a  beautiful  and  attractive  feature  of  the  park 
system,  as  well  as  fulfilling  the  useful  purpose  for  which  they  were  de- 
signed originally.  They  will  thus  save,  for  the  use  of  the  City, 
property  which  cost  originally  more  than  $500  000. 

The  work  of  replacing  and  repairing  the  broken  linings  of  the  reser- 
voirs is  yet  to  be  done,  and  also  that  of  making  permanent  the  tunnel 
drains.  It  was  at  one  time  planned  to  begin  this  work  diiring  the  year 
1903,  but,  large  expenditures  being  required  for  extending  distribution 
mains,  the  reservoir  work  has  been  postponed. 

Plans  are  in  course  of  preparation  for  this  repair  work,  and  also  for 
a,  concrete  sewer  to  be  built  inside  of  the  drainage  tunnel,  so  as  to  pro- 
vide a  permanent  outlet  for  all  waters  percolating  through  the  body  of 
the  slide  and  reaching  bed-rock.  When  this  work  is  accomplished,  the 
^'land  slide  "  at  the  Portland  reservoirs  will  have  become  an  event  of 
the  past,  and  will  soon  be  forgotten  by  all  but  those  who  have  been 
intimately  connected  with  the  work. 
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That  the  engineers  who  have  been  familiar  with  the  details  of  this 
work  have  profited  by  their  experienca,  is  undoubtedly  true,  and  it  is 
with  the  thought  that  the  lessons  taught  by  the  experiences  related 
herein  might  be  helpful  to  other  members  of  the  profession,  that  the 
writer  has  ventured  to  describe,  with  a  fullness  of  statement  which 
might  not  be  justifiable  under  other  circumstances,  the  difiiculties  en- 
countered and  overcome.  If  the  record  herein  given  proves  to  be  helja- 
ful  to  any  professional  brother,  then  the  purpose  of  the  writer  will 
have  been  accomplished. 

The  paper  gives  the  history  of  the  slide,  down  to  the  first  of  Jan- 
uary, 1904,  showing  in  detail  the  surveys  upon  which  claims  for  the 
success  of  the  reclamation  work  have  been  based.  The  writer  believes 
that  any  claims  he  may  have  made  are  fully  warranted  by  the  results 
achieved,  as  shown  by  the  charts  submitted  with  the  paper.  That  the 
result  of  a  later  survey,  completed  during  the  early  part  of  March,  1904, 
portends  an  unexj^ected  change  in  conditions  formerly  existing,  may 
probably  be  taken  as  another  jiroof  of  the  "  phenomenal  "  character  of 
the  movement. 

As  has  been  indicated,  a  resurvey  of  the  range  lines  crossing  the 
slide  shows  a  slight  change  at  a  number  of  the  points  observed,  a 
larger  i^roiDortion  of  the  points  giving  readings  greater  than  for  any 
former  survey  for  two  years.  About  60%  of  the  points  observed  gave 
readings  ranging  from  0.01  to  0.02  ft.  in  excess  of  former  surveys. 
There  were  about  half  a  dozen  points  which,  gave  readings  in  excess 
of  0.02  ft.,  and  only  one  as  much  as  0.05  ft.,  the  average  of  points 
shown  on  the  diagram,  Plate  XXII  (east  and  west  lines  X',  A"  +  K^ 
and  D"),  being  0.13  in.  for  the  months  of  January  and  February,  or 
0.065  in.  per  month.  This  is  indeed  a  small  variation,  and  is  significant 
only  as  an  indication  of  the  possibilities  of  the  situation,  which  will 
require  additional  time  to  develop  fully. 

This  unlooked-for  change  is  unquestionably  due  to  the  unusual 
rainfall  of  the  last  four  months,  November,  1903,  to  February,  1904, 
inclusive.  That  this  rainfall  has  been  excessive  is  shown  by  the  fol- 
lowing figures  compiled  from  the  reports  of  the  United  States  Weather 
Bureau  in  Portland. 

The  total  rainfall  for  the  months  of  November  and  December, 
1903,  and  January  and  February,  1904,  was  30. 15  ins.  This  amount  is 
14.7%  more  than  the  average  for  these  months  for  34  years,  and  27 "o 
more  than  the  average  for  the  same  period  during  the  past  21  years 
(1883  to  1904).  It  should  be  said,  however,  that  the  average  for  13 
years  (1870  to  1883)  was  30.4  ins.,  or  slightly  in  excess  of  that  for  the 
present  season. 
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The  average  rainfall  diiriug  the  months  the  Weather  Bureau  calls 
the  ••Wet  Season" — September  1st  to  May  lilst — is  42.39  ins.,  while 
the  yearly  average  is  45.70  ins.  Comparing  the  present  season  with 
the  foregoing,  the  following  may  be  noted. 

Total  precipitation  November,  1903 10.71  ins., 

December,  1903 3.14    •' 

Jamiary,  1904 5.22    " 

February,  1904 11.08    " 

30.15  ins., 

March  1st  to  2.8th,  1904 8.64    " 

Total 38.79  ins., 

the  latter  amount  being  about  85%  of  the  yearly  average. 

The  severity  of  these  storms  has  also  been  shown  by  the  volume 
of  the  drainage  from  the  tunnels,  which,  upon  a  number  of  occasions, 
has  been  at  the  rate  of  more  than  100  000  galls,  per  day.  This  shows 
in  a  striking  manner  the  efficiency  of  the  present  tunnels.  If  this  vol- 
ume of  water  were  not  allowed  to  escape  so  freely,  there  would  be 
trouble  indeed,  and  the  original  "  saw-tooth"  character  of  the  move- 
ment chart  would  soon  reappear. 

Considering  the  volume  of  rainfall  and  drainage,  it  is  probable  that 
the  next  survey  will  also  show  unfavorable  results,  for  it  will  require 
some  time  for  the  ground  to  dry  out  after  the  rain  has  ceased. 

That  the  movement  is  likely  to  continue  for  an  indefinite  period 
(if,  indeed,  it  can  be  said  that  a  general  movement  has  already  com- 
menced), the  writer  does  not  consider  at  all  probable.  In  order  that 
the  grounds  for  this  confidence  may  appear,  attention  is  called  to 
Table  10,  a  comparative  statement  of  the  rate  of  the  movement 
between  January,  1895,  and  March,  1904. 

TABLE  10. 


Length  of 
period,  in 
months. 

Movement. 

Dates. 

Total,  in 
inches. 

Inches  per 
month. 

Remarks. 

January,  1805.  to  June,  1900 

June,  1900,  to  November,  1901 . . . 
November,  1901,  to  March,  19W. . 

55 
17 
28 

46.76 
1.68 
0.47 

0.85 
0.10 
0.02 

I  Reservoir  linings 
-(    wrecked  iluring 
1    tills  iieri(i<l. 
i  Tliiinel  euiistruc- 
')    ticiii  in  i)ri>}rress. 
i  Period  since  coni- 
•<    pletiou  of   tun- 
(   nels. 
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The  last-named  amouut  includes  the  movement  just "  observed, 
which  amounts  to  0.13  in.  for  the  months  of  January  and  February, 
1904,  and,  with  that  amount  included,  the  average  recorded  movement 
has  been  less  than  one-fortieth  of  the  average  before  the  tunnels  were 
completed. 

It  may  be  noted  that,  by  the  last  survey,  there  were  very  few  points 
opposite  Reservoir  No.  3  which  showed  an  increased  reading,  the 
greater  number  being  along  the  axis  of  the  slide  oi:)posite  the  north 
end  of  Reservoir  No.  4. 

The  effects  of  the  i^resent  severe  storms  are  simply  regarded  as  so  many 
indications  that  the  tunnels  already  constructed  are  not  sufficient  to 
drain  thoroughly  the  entire  mass  of  the  sliding  ground  and  its  under- 
lying bed-rock.  The  Water  Board  recognizes  this  condition  of  affairs, 
and,  even  now,  has  under  consideration  the  construction  of  additional 
bed-rock  drains,  as  branches  of  the  main  tunnel;  and  also  a  system  of 
sub  surface  tile  drains  to  cover  certain  portions  of  the  surface,  pro- 
vided later  surveys  afford  conclusive  proof  of  the  necessity  for  this 
additional  drainage  work. 

The  result  of  the  changes,  already  noted,  will  be  to  delay  somewhat 
the  work  of  reservoir  repairs,  but  there  is  no  doubt  felt  of  the  ulti- 
ruate  success  of  the  reclamation  work  and  the  final  restoration  of  the 
reservoirs. 

During  May,  1899,  while  the  writer  was  engaged  ujjon  the  investi- 
gation of  the  slide  at  the  Portland  reservoirs,  there  appeared  in  the 
<5ity  pajDers  brief  accounts  of  an  immense  land  slide  which  had  just 
occurred  near  Cape  Meares,  about  70  miles  west  from  Portland. 

The  first  descriptions  of  the  slide,  its  size  and  the  rapidity  of  its 
movement  (width  ^  mile,  length  4  miles,  and  movement  2  ins.  per  hour) 
were  sufficiently  startling  to  awaken  a  desire  to  examine  the  ground 
and  see  if  the  conditions  actually  existing  there  were  in  any  w^ay  com- 
parable with  those  which  had  been  studied  so  long  at  Portland.  .  A 
few  weeks  later,  therefore,  the  writer  undertook  the  journey,  partly 
by  rail  and  boat,  but  chiefly  by  stage  or  mud  wagon,  crossing  the 
<3oast  Range,  and  occupying  36  hours  or  more,  before  reaching  the 
slide.  The  time  spent  in  the  vicinity  was  three  and  a  half  days,  and 
the  greater  part  of  two  days  was  occupied  in  mapping  the  slide  and 
noting  its  characteristics  and  progress.  From  the  notes  then  taken 
the  map.  Fig.  7,  and  description  of  the  slide  have  been  prepared. 

The  slide  is  in  a  shallow  depression  lying  immediately  north  of  the 
range  of  hills  of  which  Cape  Meares  is  the  western  extremity,  and  is 
about  5  miles  south  of  the  entrance  to  Tillamook  Bay,  Oregon.  The 
upper  or  eastern  portion  of  the  slide  is  covered  with  a  dense  forest, 
and  it  is  not  easy  to  determine  the  exact  limits  of  the  moving  ground, 
but  enough  is  known  to  warrant  the  statement    that  the  length  of 
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The  ground  rises  gradually  to  an  elevation 
of  300  ft.  at  start  of  slide. 
Dimensions  of  slide:  length  2600  ft 
average  width  190  ft. 


FA    C   I    F   I    C 


Fig   7. 
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the  slide  from  the  ocean  beach  to  its  eastern  extremity  is  a  little  less 
than  I  mile,  and  the  average  width  about  500  ft.  The  area  of  the 
moving  ground  is  approximately  30  acres. 

The  larger  part  of  the  moving  ground  is  covered  with  a  dense 
forest  of  fir,  sjaruce  and  smaller  growths,  and  little  can  be  seen  which 
indicates  in  any  way  the  probable  depth  of  the  movement.  The 
movement  has  been  sufficient  to  cause  many  trees  to  fall  around  the 
margin  of  the  slide,  and  many  more  will  soon  follow. 

The  head  of  the  slide  reaches  an  elevation  of  about  300  ft.  above 
the  ocean  beach  in  a  distance  of  about  |  mile. 

From  present  ajjpearances,  and  from  information  derived  from 
those  familiar  with  the  ground  as  it  was  before  the  slide  occurred,  it 
can  be  said  that  the  slide  had  its  origin  in  a  small  tract  of  swampy 
ground,  perhaps  200  x  300  ft.  in  extent,  through  which  ran  two  small 
streams  of  water,  each  jjerhaps  12  ins.  wide  and  1  or  2  ins.  deep.  One 
of  these  small  streams  finds  its  way  to  the  beach  along  the  base  of 
the  Cape  Meares  ridge,  the  southern  limit  of  the  slide  being  for  the 
most  part  along  or  within  a  few  feet  of  the  bed  of  this  stream. 

The  second  small  stream  crosses  the  upper  end  of  the  slide  to  near 
its  northern  border,  and  thence  finds  its  way  to  the  beach,  its  course 
being  almost,  if  not  altogether,  within  the  limits  of  the  moving 
ground. 

On  the  south,  the  line  of  the  movement  is  defined  very  clearly,  as 
it  follows,  for  the  most  part,  the  bed  of  the  creek  until  within  about 
400  ft.  of  the  beach,  where  it  leaves  the  channel  of  the  stream  and 
cuts  through  higher  ground  on  a  more  direct  course.  Along  the 
northern  border,  the  ground  is  broken  more  irregularly;  piled  in 
ridges  in  jDlaces,  with  crevices  between;  but  none  of  the  latter  was  of 
any  considerable  depth. 

At  the  head  of  the  slide  the  horizontal  movement  has  been  suffi- 
cient to  remove  all  timber  and  surface  earth  from  a  section  of  the  hill- 
side about  400  ft.  long,  from  north  to  south,  and  from  50  to  70  ft.  wide, 
measured  along  the  slope  of  the  bank.  The  slope  of  the  clay  bank, 
where  exj^osed  by  the  slide,  is  from  25°  to  40°,  and  the  vertical  move- 
ment at  that  point  amounts  to  about  30  ft.  No  chasm  was  to  be  seen, 
indicating  a  deep  movement  at  that  point;  the  ground  had  simply 
settled  away  from  the  adjoining  bank,  and  all  crevices  had  been  filled 
with  the  surface  earth  loosened  by  the  slide.  At  one  point  a  rocky 
ledge  had  been  exposed,  and  all  around  the  upper  margin  of  the  slide 
the  upturned  trees  indicated  but  a  slight  dejjth  of  surface  earth. 

While  the  upper  or  eastern  portion  of  the  slide  is  hidden  from 
view  by  a  dense  forest,  the  lower  part  has  been  cleared  of  timber  to  a 
great  extent,  and  is  partly  under  cultivation;  but,  at  the  beach,  exist- 
ing conditions  bear  the  strongest  testimony  to  the  force  and  magni- 
tude of  the  movement.     The  height  of  the  bank  above  extreme  high 


A    PHENOMENAL    LAND   SLIDE.  397 

tide  varies  from  zero  at  the  center  of  the  slide  to  10  ft.  above  at  the 
north  side,  and  20  to  25  ft.  at  the  southern  edge  of  the  movement. 
Excepting  at  either  margin  of  the  movement,  the  portion  of  the  bank 
above  high  tide  shows  no  a])pearance  of  having  been  disturbed,  al- 
though it  has  been  moved  200  ft.  or  more  from  its  original  position, 
but  the  beach  in  front,  for  another  200  ft.  or  more,  has  been  thrown 
up  into  ridges  or  folds  by  the  immense  pressure  from  the  slide. 

This  movement  has  extended  out  to  low-water  line  or  beyond, 
and  a  nearly  vertical  bank,  10  ft.  in  height,  formed  of  clay  and  sand 
in  large  masses,  presents  a  bold  front  to  the  action  of  the  waves,  which 
slowly  wear  it  away. 

As  far  as  known,  the  movement  began  on  or  about  May  10th,  1899. 
By  measurement,  it  was  found  that  the  total  movement  from  May  10th 
to  June  10th  was  228  ft.,  or  an  average  of  7.36  ft.  per  day. 

From  June  10th  to  June  12th  it  was  at  the  rate  of  4.01  ft.  per  day. 

From  June  12th  to  June  18th  it  was  at  the  rate  of  3.26  ft.  per  day. 

Fx-om  the  foregoing,  it  apj^ears  that  a  falling  oflf  in  the  rate  of  the 
movement  had  already  commenced  at  the  time  the  examination  was  in 
progress.  Considering  the  not  excessive  slope  of  the  hillside,  it  was 
rather  surjirising  to  flad  that  the  movement  had  continued  for  such  a 
length  of  time,  and  it  did  not  ajipear  unreasonable  to  supjiose  that 
it  would  soon  cease  altogether.  This,  however,  was  merely  conjec- 
ture, for  the  movement  no  doubt  depended  upon  the  quantity  of 
water  which  found  its  way  under  the  slide,  near  its  head,  and  what  its 
volume  might  be  no  one  could  tell. 

Some  months  after  the  writer's  return  from  this  examination  he 
was  informed  that  an  entire  cessation  of  the  movement  had  taken  j^lace 
which  must  have  occurred  very  soon  after  the  last  measurement  was 
taken,  June  13th,  1891). 

The  writer  has  no  report  regarding  the  condition  of  this  slide 
later  than  June  13th,  1900.  There  had  then  been  no  resumption  of  the 
movement  during  the  winter  which  intervened  since  the  measurements 
were  taken.  It  was  also  reported  that  the  front  of  the  slide  had  been 
Avorn  away  by  the  action  of  the  waves  as  far  back  as  the  dotted  line  in 
Fig.  7. 
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DISCUSSION. 


Mr,  Diiiinan.  Geokge  L.  DrLLMAN,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer's 
acquaintance  with  this  ground  began  in  1891,  when  he  had  charge  of 
the  construction  of  the  cable  road  (shown  in  Plates  XVII,  XVIII, 
XIX  and  XXII)  for  the  contractors.  In  1898  he  was  employed  by  the 
City  of  Portland  to  study  and  make  a  preliminary  report  on  the 
sliding-land  case,  then  in  litigation.  In  1899  he  was  one  of  the  wit- 
nesses for  the  city  at  the  trial  mentioned. 

Months  before  tjie  completion  of  the  cable  road,  it  was  known 
that  the  Cable  Company  would  default  in  payments.  The  writer's 
business  was  to  save  as  much  as  j)ossible  from  the  wreck,  which  may 
account  for  his  neglect  to  ajjpreciate  the  importance  of  several  facts 
developed  during  construction.  At  any  rate,  their  significance  was 
not  appreciated  until  later.  These  facts,  as  memory  serves,  include 
the  following: 

1. — 'From  Boring  No.  3  to  Shaft  No.  9  (see  Plate  XXII)  the  road  Avas 
in  a  cut.  Shortly  after  the  grading  was  done,  cracks  in  the  slopes  indi- 
cated motion,  thought  at  the  time  to  be  local.  These  were  obliterated 
by  sloughing,  after  the  rails  were  laid,  at  one  time  covering  the  finished 
track  several  feet  deep. 

2. — The  track  mentioned  had  a  tendency  to  buckle,  and  both  the 
slot  and  the  running  rails  were  cut  to  relieve  the  pressure.  This  part, 
however,  was  on  a  heavy  grade  (about  S5%).  The  plan  called  for  very 
light  construction,  so  that  insufficient  anchorage  might  have  been 
considered  the  cause  of  this  trouble. 

3. — The  level  track  northward  from  Shaft  No.  9  got  badly  out 
of  line,  the  derangement  not  being  confined  to  fills,  but  extending 
into  cuts.  The  derangement  on  fills  was  thought  to  be  from  shrink- 
age; in  cuts  it  was  thought  to  be  from  the  same  local  movement  noted 
in  Fact  1. 

■4. — In  re-aligning  the  track  northward  from  Shaft  No.  9,  there  was 
considerable  friction  between  the  foremen  and  the  engineers,  the  for- 
mer complaining  that  the  engineers  could  never  run  their  lines  twice 
alike,  the  latter  that  their  stakes  were  disturbed. 

5. — Expert  timber  men  made  failures  in  felling  trees  in  the  direction 
desired. 

6. — There  was  a  swampy  hillside  north  of  the  timber-trestle  bridge 
across  what  was  later  Reservoir  No.  4. 

7. — At  one  time  the  bents  of  this  timber  trestle  were  very  much  out 
•  of  jslumb,  and  their  tops  were  jacked  back,  down  hill. 

In  the  examination  of  1898,  the  first  pertinent  fact  of  importance 
developed  was  the  lack  of  coincidence  of  the  surface  of  movement  and 
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the  depths  of  excavation,  being  many  feet  below  Reservoir  No.  3  and  ^^^-  Dillman. 
many  feet  above  Reservoir  No.  4. 

There  was  a  rupture  of  the  lining  of  Reservoir  No.  4  at  abont  the 
bottom  of  the  reservoir,  which  is,  however,  best  accounted  for  by  its 
construction.  The  clay  back  of  the  facing  (concrete  and  asphalt)  was 
carefully  puddled.  The  water  was  in  the  reservoir  several  days,  then 
quickly  drawn  off,  so  that  any  small  seepage  through  the  facing,  or 
backed-up  ground-water,  would  act  with  its  full  head  on  this  weakest 
point.  Thus,  the  reservoir  lining  contained  within  itself  all  that  was 
necessary  to  its  own  destruction  under  the  conditions  imposed.  The 
rupture  near  the  bottom  of  Reservoir  No.  4,  therefore,  had  no  necessary 
connection  with  the  slide. 

The  extent  and  amount  of  the  movement  had  been  ascertained 
at  this  time.  Colonel  Mendell  had  directed  investigations  which  were 
exhaustive  and  conclusive.  His  conclusions  have  been  verified  by  the 
subsequent  work  of  drainage,  as  shown  by  the  paper. 

The  investigation  of  this  sHde  is  by  far  the  most  complete  of 
which  the  writer  has  any  knowledge.  It  seems  to  make  plain  that 
the  water  does  the  damage,  not  so  much  by  its  volume  or  weight 
as  its  pressure,  and,  at  the  surface  of  motion,  acts  like  a  myriad  of 
jack-screws  to  lift,  and  at  the  same  time  lubricate  it,  the  same 
pressure  forcing  the  water  into  and  through  otherwise  impervious 
strata. 

The  writer  knows  of  many  slides  which  have  been  cured  by  drain- 
age, and  knows  of  no  failures  to  do  so  when  the  remedy  was  api^lied 
properly,  and  in  the  right  places. 

There  are  several  sermons  in  this  slide,  one  of  which  is  on  the 
fallacy  of  taking  generally  accepted  facts  for  verities.  Prior  to  this 
law  suit,  everybody  seemed  to  know  that  the  excavation  of  the  reser- 
voirs caused  the  slide.  The  Northwest  is  full  of  slides.  The  con- 
struction of  every  railroad  develops  them.  The  fact  that  cutting  off 
the  toe  of  a  slojie  with  sliding  tendencies  often  starts  a  slip  was  war- 
rant for  this  general  belief.  The  traces  of  the  slide  on  the  surface 
were  pretty  well  hidden  by  undergrowth.  There  were  no  buildings. 
The  cable  road  was  abandoned,  but  this  might  have  been  from  other 
reasons  than  failure  to  maintain  it.  Engineers,  looking  casually  at 
the  reservoir  failures,  granted  it.  A  prominent  and  capable  en- 
gineer, well  acquainted  with  slides,  refused  to  investigate  it  for  the 
city  because  he  did  not  care  to  be  bullyragged  by  contending  attor- 
neys over  a  point,  to  him,  so  evident.  The  predecessor  to  the  City 
Attorney  who  won  the  case  had  made  some  investigation,  and  told  the 
writer  just  jirior  to  the  trial  that  the  only  ground  for  the  city  ta 
stand  on  was  to  deny  liability  first,  then  get  the  damages  as  low  as 
possible;  that  there  was  no  use  in  contending  against  such  obvious 
facts. 
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Mr.  Dillman.  The  iuvestigations,  under  the  direction  of  Colonel  Mendell,  indi- 
cated that  there  might  be  some  doubt.  The  City  Attorney,  follo-wdng 
this  lead,  found  evidence  of  motion  prior  to  the  excavation  of  the 
reservoirs.  Then  the  cable  road  operation  and  difficulties  during 
constriiction  seemed  pertinent.  Officers  of  the  militia  had  had  their 
target  ranges  on  this  ground,  and  noticed  the  derangement  of 
stakes  which  should  have  been  in  line.  Men  were  found  who,  when 
boys,  had  herded  cattle  on  this  ground  and  had  lost  cattle  in  the 
cracks  at  the  head  of  the  slide.  All  this  was  made  so  plain  to  the 
jury  that  they  were  absent  only  long  enough  to  frame  a  verdict  for 
the  city.  After  the  trial,  everybody  knew  that  this  was  an  ancient 
slide.  It  was  astonishing  to  find  that  so  many  people  had  known  it 
all  the  time. 
Mr.  Adams.  Aethuk  L.  Adams,  M.  Am.  Soc.  C.  E.  (by  letter). — It  seems  very 
probable  that  no  land  slide  has  ever  received  such  exhaustive  study 
as  has  been  given  to  the  one  described  in  this  paj^er. 

Few  slides  have  been  productive  of  more  embarrassing  results,  and 
engineers  in  general  will  unite  in  the  hope  that,  as  a  reward  of  such 
long  and  jjatient  effort  as  that  described,  this  one  has  now  "become 
an  event  of  the  past." 

The  recounting  of  methods  by  which  great  difficulties  are  finally 
overcome   is   always   of  value,  and  to  this  the  paper  is  not  only  no 
exception,   but,   on  the  contrary,  it  ranks,  in  the  estimation  of  the 
writer,  among  the  best  of  its  class  in  engineering  literature. 
,  Land  slides  are  by  no  means  uncommon  on  the  Pacific  Coast,  from 

San  Francisco  north.  The  mountainous  character  of  the  country,  the 
clayey  nature  of  the  soil  overlying  the  bed-rock,  and  the  heavy 
seasonal  rainfall,  are  all  favorable  for  their  production.  Scarcely  a 
winter  jjasses  in  which  railroads  are  not  repeatedly  blocked,  even  on 
lines  which  have  been  in  operation  for  years,  and  if  the  rain  chances 
to  be  unusually  abundant,  or  unusually  protracted  at  any  time,  the 
recurrence  of  such  slides  becomes  corresi^ondingly  frequent. 

In  many  localities  the  slopes,  in  their  natural  state,  are  lying  at 
what  is  virtually  their  maximum  angle  of  repose  in  wet  weather,  and 
what  may  seem  to  be  an  insignificant  side-hill  cutting  may  be  sufficient 
to  destroy  the  existing  equilibrium  and  start  motion.  This  is  also 
true  of  many  large  slides  of  broken  trap  rock,  along  the  slopes  of 
which  railroad  lines,  in  places,  are  maintained  with  the  greatest  diffi- 
culty. Even  the  wash  of  banks,  incident  to  unusually  high  water  on 
the  Columbia  River,  for  instance,  has  been  sufficient  to  set  in  motion 
laud  on  which  improvements  had  existed  for  years  without  suspicion 
of  instability. 

During  the  building  of  the  Portland  reservoirs,  the  writer  was  in 
charge  of  the  construction  of  a  system  of  water-works  at  Astoria, 
Oregon,  where  the  geological   conditions  were  almost  identical  with 
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those  about  Poitlaud,  aud  where  slides  and  laud  of  doubtful  stability  Mr.  Adams, 
were  so  abuudaut  that  great  caution  was  called  for  in  locating  reser- 
voii-K  aud  other  i)ermaucut  structures,  and  made  it  necessary  to  use 
slip-joiuts  aud  otlier  special  devices  in  the  pipe  system  where  unstable 
ground  couUl  not  be  avoided.  He  was  therefore  a  frequent  visitor, 
and  a  much  interested  observer  of  the  progress  of  events,  at  Portland. 

The  author  expresses  the  hope  that  some  of  the  engineers  engaged 
by  the  jjlaintiff,  in  the  trial  of  the  interesting  case  of  the  King  Real 
Estate  Company  versus  The  City  of  Portland,  will  avail  themselves  of 
the  opportunity  for  discussion  afforded  by  the  iJublication  of  his 
paper.  This  the  writer  does  more  willingly  because  the  ruling  of  the 
judge,  in  the  trial  of  the  case,  prevented  any  review,  by  engineers  for 
the  plaintiff,  of  the  expert  evidence  of  the  defense,  with  the  result 
that  the  very  essence  of  difference  in  expert  opinion  was  obscured  and 
lost  because  it    was  never    driven  home  to  the  minds  of  the  highly  ,• 

agricultural  jury,  carefully  selected  in  compliance  with  law  from 
without  the  limits  of  Portland,  to  try  this  very  technical  case.  The 
experts  engaged  by  the  plaintiff"  were  called  in  too  late  to  make  any 
suitable  presentation  by  way  of  exhibits,  an  indispensable  prerequisite 
to  success,  especially  before  a  jury;  while  the  defense,  as  the  result  of 
a  year's  preparation,  combatted  with  a  magnificent  line  of  exhibits,  of 
which  the  engineer-authors  had  just  reason  to  be  proud.  The  jury 
was  duly  overwhelmed;  the  engineers  engaged  by  the  plaintiff  were 
not  permitted  to  review;  with  the  result,  as  has  been  stated,  that  the 
essential  point  of  difference  in  the  expert  opinion  was  obscured  and 
lost  on  the  jury,  to  the  satisfaction  of  the  defendant  and  the  grief  of 
the  plaintiff. 

There  was  substantially  no  difference  of  oijiuion: 

1.  — Concerning  the  existence,  character  and  dimensions  of  the  slide, 
as  it  existed  at  the  time  of  the  trial; 

2. — That  without  water  there  would,  of  coiirse,  have  been  no  move- 
ment, whether  or  not  the  reservoirs  had  been  built; 

3. — That  numerous  instances  of  local  surface  sliding  had  been 
observed  on  the  laud  prior  to,  as  well  as  during,  the  reservoir  construc- 
tion; 

4. — That  there  had  been  trouble,  prior  to  the  commencement  of 
work  on  the  reservoirs,  in  maintaining  the  surface  and  alignment  of 
the  cable  road; 

5. — That  no  deep-seated  or  general  movement  of  the  greater  slide 
had  ever  baen  discovered  or  credibly  suspected  prior  to  excavating  the 
reservoirs. 

The  fundamental  question  really  involved  in  the  expert  evidence 
did  not  concern  these  matters  at  all,  but  was: 

Had  the  great  slide  been  in  motion  during  a  period  of  years  prior 
to  excavating  the  reservoirs'?    If  not,  was  this  excavation  the  disturb- 
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Mr.  Adams,  ing  cause  which  upset  the  pre-existing  condition  of  equilibrium  and 
started  or  renewed  the  motion? 

It  will  be  observed  in  the  statement  that  whether  or  not  this  land 
had  at  an  ancient  time  been  in  motion  is  not  involved  in  the  technical 
controversy,  no  matter  what  bearing  it  might  legally  have  upon  the 
question  of  damages;  but  only  the  question  as  to  whether  it  was  per- 
manently at  rest  jsrior  to  commencing  work  on  the  reservoirs. 

There  are  several  important  matters,  in  addition  to  those  mentioned 
in  the  paper,  which  are  necessary  for  a  full  understanding  of  the  situ- 
ation.    They  are  as  follows: 

First. — The  high  ridge  lying  immediately  east  of  the  two  reservoirs 

and  across  the  front  of  the  slide,  and  through  which  the  ravine  in 

which  the  i-eservoirs  were  built  passes  at  the  narrow  outlet  closed  by 

the   dam   of  Reservoir   No.    4,   is   a   rocky   barrier   of   unquestioned 

,  stability.     (See  Plate  XVII.) 

Second. — The  small  streams  originalh-  flowing  during  the  rainy 
season  in  the  depressions  in  which  the  reservoirs  w  ere  afterward  built 
were  not  of  an  erosive  character. 

Third. — In  excavating  the  reservoirs,  not  only  were  the  slopes  cut 
back  and  increased  in  pitch  far  beyond  the  point  of  stability  for  wet 
■clay,  but  the  ravines  were  much  deepened  by  making  the  reservoir 
bottoms  much  below  the  prior  existing  natural  elevations.  The  paj^er 
^oes  not  give  the  various  depths  of  this  cutting,  but  they  were  shown 
as  a  part  of  the  defendant's  exhibits.  On  page  327  the  author  men- 
tions a  41-ft.  cutting,  but  the  writer's  recollection  is  that  it  was 
generally  much  less. 

Fourth. — The  tract,  including  a  large  part  of  the  land  later  found 
to  be  in  motion,  had  been  subdivided  and  staked  out,  as  indicated  in 
Plate  XVII,  five  years  before  the  cable  road  was  built  and  six  years 
before  the  excavation  of  the  reservoirs  was  started ;  and  it  was  proven 
by  Mr.  J.  A.  McQuinn,  the  engineer  who  had  made  the  subdivision  and 
who  had  thereafter  resurveyed  the  tract,  closing  on  the  original 
stakes,  that  there  was  a  complete  absence  of  any  general  movement 
between  1887  and  1893. 

The  theories  and  interpretation  of  evidence  on  the  part  of  the 
defense  tended  toward  the  demonstration  of  the  existence  of  the 
large  general  slide,  as  described  in  the  jjaper,  presumably  dating  in 
origin  far  into  the  past,  and  which,  up  to  the  present,  had  not  come 
to  a  condition  of  repose;  in  short,  that  the  ground  had  been  moving 
every  year,  but  without  this  movement  having  been  discovered 
previously. 

In  the  ojiinion  of  the  writer  and  others  associated  with  him,  there 
Avere  many  insurmountable  difficulties  in  the  w-ay  of  the  acceptance  of 
this  theory;  while  the  hypothesis  that  the  slide,  even  though  of  ancient 
origin,  had  long  ago  come  to  a  state  of  rest  against  the  rocky  barrier 
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directly  in  its  path,  to  be  again  set  in  motion  by  the  removal  of  the  Mr.  Adams, 
supporting  earth  and  broken  rock,  satisfied,  in  their  judgment,  every 
material  j)oint  of  evidence  as  to  fact,  and  was  fully  warranted  from  a 
study  of  the  jjhysical  conditions. 

Some  of  the  difficulties  in  the  way  of  the  acceptance  of  the  theory 
of  the  defense  were: 

First. — The  failure  of  the  Portland  Water  Committee  and  its  engi- 
neers, during  two  years  of  study  and  investigation  jirior  to  commenc- 
ing work,  to  discover  this  movement,  although  cautioned  by  intense 
public  opi)osition  to  the  sites  jjroposed,  because  of  their  feared  insta- 
bility. 

Second. — It  was  utterly  at  variance  with  the  evidence  of  Mr. 
McQuinn,  who  had  subdivided  the  tract  and  restirveyed  it  years  later, 
as  hereinbefore  recited. 

It  was  also  at  variance  with  much  other,  less  concliasive,  but  still 
good  indicative,  evidence  that  there  had  been  no  movement  for  a  much 
longer  jseriod  than  that  covered  by  IVIi".  McQuinn's  observations,  and 
none  at  any  prior  time,  as  far  as  known. 

To  substantiate  the  claims  of  continuous  movement,  it  was  neces- 
sary to  attribute  the  various  difficulties  with  the  cable  line,  during 
the  short  period  of  its  operation,  from  May,  1892,  until  the  following 
Heptember,  to  this  cause.  Therefore,  in  the  trial,  great  stress  was 
laid  upon  this  by  the  defense. 

If  the  phenomena  observed  on  this  road  are  accounted  for  by  the 
existence  of  local  surface  slides  and  the  exigencies  of  operating  a  new 
road  in  this  locality,  a  cable  road  at  that,  during  the  first  year  of  its 
completion,  then  the  theory  of  the  engineers  for  the  plaintifiis  incon- 
trovertible and  all  material  evidence  is  reconciled.  The  writer  is  con- 
vinced that,  not  only  can  these  phenomena  be  thus  accounted  for,  but 
that,  on  the  contrary,  the  theory  of  a  general,  deep-seated  movement 
cannot  account  for  them  at  all. 

As  to  the  character  of  this  cable  road,  as  given  in  evidence:  It  was 
built  in  the  rainy  season.  On  Kingston  Avenue,  in  the  vicinity  where 
the  greatest  lateral  movement  was  observed,  the  track  was  on  a  fill,  30 
ft.  high,  built  on  a  hillside  so  steep  that  the  bank  was  20  ft.  higher  on 
one  side  than  on  the  other.  This  fill  had  been  built  jiist  before  track 
laying,  and  before  the  heaviest  rains  of  the  season  had  set  in.  On  the 
east  and  west  line,  the  grade  was  largely  in  quite  deep  cutting,  and 
the  evidence  showed  that  the  roadbed  was  so  soft  and  yielding  that 
during  construction  it  was  constantly  forced  upward  immediately 
adjoining  the  track,  doubtless  from  the  weight  of  the  earth  in  the 
adjacent  banks.  The  trestle,  which  crossed  the  ravine  where  Reservoir 
No.  4  was  afterward  built,  carried  the  track  on  a  20^'o  grade,  and  was 
built  in  contact  with  a  high  end-bank,  which,  under  the  action  of 
heavy  rains,  was  amply  sufficient  to  cause  the  trestle  supports  to  be 
pushed  seriously  out  of  plumb. 
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Mr.  A(]  ims.  The  evidence  showed  that  on  Kingston  Avenue,  before  referred  to, 
the  lateral  movement  of  the  track  was  from  16  to  20  ins.  during  a 
period  of  from  4  to  5  months,  a  rate  of  movement  greatly  in  excess  of 
anything  which  has  at  any  time  been  observed  in  the  big  slide. 

It  was  testified  by  the  trackmen  that  the  90°  curve  on  Kingston 
Avenue,  in  spite  of  its  being  at  or  near  the  zone  of  maximum  move- 
ment of  the  large  slide,  had  moved  very  little,  if  at  all. 

Again,  if  the  same  90-^  curve  had  been  moving,  with  the  genei-al  slide. 
1  or  2  ft.  a  year,  with  motion  induced  by  the  jjush  of  a  saturated  mass 
in  the  upi>er  end  of  the  slide,  such  an  action  would  have  resulted  in 
the  uniform  crowding  and  buckling  of  the  track  to  the  east,  as  far 
as  the  point  marked  "  Road  to  Base-Ball  Ground  "  (Plate  XVII).  On 
the  contrary,  the  evidence  showed  the  track  to  have  been  pulled 
apart  and  the  yokes  broken  on  this  section,  a  phenomenon  readily  j^ro- 
duced  by  the  lengthening  of  the  track  from  unequal  settlement  in  a 
very  soft  roadbed. 

Farther  to  the  east,  there  was  buckling  of  the  track,  according  to 
the  evidence,  but  it  was  too  irregular  in  character,  in  places  of  occur- 
rence, and  in  total  amount,  to  harmonize  in  any  way  with  the  hypothe- 
sis of  a  general  movement  such  as  has  been  shown  to  exist  since  the 
reservoirs  were  excavated. 

On  page  382,  in  the  extract  from  the  rej^ort  of  the  engineers  for 
the  Water  Committee,  the  existence  of  surface  slides  is  mentioned.. 
The  evidence  in  the  case  was  full  of  observations  of  such  local  slides. 
A  barn,  once  on  the  land,  had  been  moved  out  of  position  by  this 
cause.  In  one  place  the  trees  were  observed  to  be  leaning  to  the  east, 
and  there  were  various  other  manifestations,  none  of  which  could  be 
reasonably  attributed  to  the  action  of  a  slide  from  60  to  90  ft.  thick, 
moving  from  1  to  2  ft.  a  year. 

The  writer  has  said  that  a  study  of  the  physical  conditions,  alone,, 
also  warrants  the  hypothesis  which  reconciles  so  effectually  all  the 
evidence  of  fact. 

Attention  is  called  to  the  exceeding  slowness  of  the  movement,  as 
indicative  of  how  little  equilibrium  was  disturbed. 

It  must  be  admitted  that  this  slide,  in  its  movement  eastward,^ 
granting  that  it  was  formerly  in  motion,  when  sufficiently  in  contact 
with  the  rock  barrier,  extending  entirely  across  its  front  save  for 
the  gap  closed  by  the  lower  dam,  must  come  to  a  state  of  rest.  It 
is  not  conceivable  that,  to  reach  this  state  of  rest,  a  slide,  consist- 
ing mainly  of  rock  and  stiff'  clay  which  Avithout  support  moved  only 
1  ft.  a  year,  would  need  to  rise  against  the  barrier  to  the  full  height 
of  its  natural  surface  and  thus  wholly  close  the  natural  ravine  there 
existing.  On  the  contrary,  it  might  reasonably  be  expected  to  rest 
when  in  but  partial  contact,  and  the  extent  of  this  contact  neces- 
sary to  continued  repose  might  be,  and  probably  was,  relatively  very 
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small.      When  dealing  with    forcos   not  far  from  the   point  of  exact  Mr.  Adams, 
equilibrium,   grave  consequences  may  easily  follow  seemingly  insig- 
nificant causes. 

The  great  weight  of  the  moving  mass  lias  been  urged  in  jiroof  of 
the  irresistible  character  of  its  movement.  Mere  weight  means  nothing 
in  determining  its  energy  unless  its  speed  also  is  considered.  If  the 
slide  were  only  3  ins.  thick  and  moving  as  slowly  as  4J  ins.  an  hour, 
it  would  develop  as  much  energy  as  when  75  ft.  thick  and  moving  12 
ins.  a  year. 

With  a  slide  claimed  to  be  of  geologic  origin  already  in  contact 
with  a  barrier  which  admittedly  must  stop  its  progress;  with  instru- 
mental surveys  having  been  made  over  its  surface  for  six  years;  and 
exhaustive  borings  and  examinations  made  by  careful  engineers 
charged  to  determine  its  stability;  and  witli  no  movement  discovered 
until  excavations  across  almost  the  entire  width  of  its  front  had  been 
carried,  in  most  places,  below  its  jilane  of  movement;  with  the  dis- 
covery, at  that  time,  of  a  rate  of  motion  of  something  like  12  ins.  a 
year,  followed  by  the  rapid  opening  of  large  cracks  (Page  342)  around 
the  boundaries  of  the  slide;  and  the  tracing  of  these  lines  of  frac- 
ture on  both  sides  to  points  of  contact  with  the  reservoirs  almost  ex- 
actly coincident  with  the  extent  of  their  excavations,  modified 
slightly  on  the  south  by  the  topography  (Plate  XVII),  the  writer  is 
impelled  to  the  seemingly  inevitable  conclusion  that,  whatever  the 
geological  history  of  this  land  may  have  been,  this  slide  was  in  a  qui- 
escent state  prior  to  its  being  set  in  motion  by  the  excavation  of  the 
reservoirs. 

J.vMES  D.  Schuyler,  M.  Am.  Soc.  C.  E.  (by  letter). — An  opportu-  >ir.  Schujier, 
nity  to  add  a  few  words  to  the  discussion  of  this  admirable  paper  is 
eagerly  embraced,  although  protracted  absence  from  home  on  jorofes- 
sional  work,  out  of  touch  with  the  Society  literature,  had  almost  pre- 
vented the  writer  from  participating  in  a  subject  of  deepest  personal 
interest  to  him. 

During  1894,  the  writer,  with  the  title  of  "  Consulting  Engineer," 
was  employed  to  design  and  construct  the  two  reservoirs,  Nos.  3  and 
4,  involved  in  this  landslide,  as  well  as  two  others,  Nos.  1  and  2,  on 
the  east  side  of  the  river. 

The  late  Isaac  W.  Smith,  M.  Am.  Soc.  C.  E.,  was  the  Chief  Engi- 
neer of  the  Water-Works,  and  Mr.  Clarke  was  his  Princii)al  Assistant, 
in  charge  of  the  construction  of  the  main  pipe  line  from  Bull  Run  to 
Portland. 

The  construction  of  the  four  reservoirs,  in  the  few  short  months  of 
fair  weather  available  in  the  moist  Oregon  climate,  was  a  most  hercu- 
lean task,  and,  under  ordinary  conditions,  should  have  occupied  at 
least  two  seasons,  but,  as  the  realization  of  a  pure  water  siapply  came 
nearer,  there  was  great  public  clamor  for  the  completion  of  the  works 
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Mr.  Schuyler,  before  the  close  of  1894,  and  as  the  contractors  for  the  pipe  making 
and  laying  needed  to  be  stimulated  to  extra  exertion  by  the  evidence 
of  lirejjaredness  on  the  part  of  the  city's  engineer  to  receive  water 
through  the  pipe;  and,  furthermore,  as  a  large  money  saving,  amount- 
ing to  $100  000  or  more,  was  to  be  made  by  eliminating  the  cost  of 
pumping  the  city's  water  supply  by  an  early  completion  of  the  sys- 
tem, there  was  a  strong  incentive  for  jjushing  work  on  the  reservoirs- 
as  rapidly  as  possible. 

The  writer's  judgment  inclined  to  more  deliberate  action,  but  the 
public  eagerness  to  enjoy  Bull  Run  water  at  the  earliest  possible 
moment,  and  the  possible  saving  in  cost  of  operation  seemed  sufficient 
inducement  to  ovei'come  his  conservatism  in  this  regard. 

Delay  in  completing  the  reservoir  until  1895  would  have  given  the 
slide  opportunity  to  'develop  without  destroying  the  linings,  but 
would  probably  have  led  to  the  abandonment  of  the  reservoir  sites. 
This  would  have  been  a  misfortune,  for  the  reason  that  these  reservoirs- 
are  in  the  most  convenient  locality  possible,  and  they  can  yet  be  made 
available  for  reservoir  jjurposes  by  a  thorough  drainage  of  the  slide. 
Any  substitution  of  them,  by  the  construction  of  reservoirs  of  equal 
capacity  at  corresponding  elevations  elsewhere,  would  have  been  un- 
questionably more  expensive  to  the  city  than  the  losses  involved  in 
interest  on  the  cost  of  the  unused  portion  of  the  work  and  the  cost  of 
that  part  of  the  reservoir  linings  which  has  been  shattered  and  de- 
stroyed by  the  movement;  added  to  the  subsequent  expenditure  made 
in  exploring  and  draining  the  slide.  Eveat«;  have  j^roven  that  the  city 
has  really  been  a  gainer  by  what  has  occurred,  rather  than  otherwise. 

It  may  be  considered  as  particularly  fortuuate  that  the  gate-houses- 
and  pipe  connections  were  designed  in  such  a  careful  manner  that  the 
breaks  in  the  reservoirs  had  in  no  wise  interrupted  the  service,  and 
the  works  are  as  efficient  as  though  the  reservoirs  had  never  been 
injured  by  the  slide.  Even  the  pumping  plant,  operated  by  the  water 
falling  from  Reservoir  No.  3  to  Reservoir  No.  4,  was  not  stojaped  a 
day  in  its  operation  of  the  high-level  pumps. 

The  developments,  described  so  minutely  and  interestingly  in  the 
paper,  of  the  extent,  depth,  area  and  volume  of  this  remarkable  slide» 
the  very  slow  rate  of  its  movement,  and  the  effect  produced  upon  it 
by  drainage,  constitute  an  impressive  array  of  facts  teaching  a  lesson 
of  the  importance  of  far-reaching  investigation  prior  to  beginning  im- 
portant construction.  The  preliminary  investigations  and  borings, 
referred  to  in  the  paper,  which  were  made  prior  to  the  engagement  of 
the  writer,  were  reviewed  carefully  by  him  at  the  beginning  of  the 
work,  and  appeared  to  be  conclusive  and  satisfactory  in  demonstrating 
that  the  foundations  of  the  reservoirs  were  entirely  stable,  and  that  the 
numerous  local  laud  slips,  appearing  on  all  sides  of  the  reservoir  sites, 
were  not  deep-seated,  and  would  be  cut  out  by  the  excavations  planned. 
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The  writer  exainiued  carefully  all  the  hill  slopes  above  the  reservoir  Mr.  Schuyler. 

many  times  during  the  excavation  of  the  basins,  and  never  saw  the 

slightest  indication  of  the   general  slide   such    as   develoi^ed  subse- 

qiiently.     As  stated,  the  small  surface  slips  were  numerous,  not  only 

on  the  west  side  of  both  reservoirs,  but  on  their  east,  north  and  south 

slopes.     They  were  caused  evidently  by  super-saturation  of  the  soil, 

standing  on  slopes  steeper  than  the  natural  angle  of  repose,  and  the 

manifest  remedy  was  drainage.     To  accomplish  this  drainage  in  the 

most  efficient  way  possible  so  that  the  linings  might  not  be  disturbed 

when  the  reservoirs  were  finally  in  service,  an  elaborate  system  of 

slope  and  bottom  drainage  was  planned  and  carried  out,  consisting  in 

part  of  numerous  drive-well  points  driven  into  the  slope,  to  relieve 

the  water  as  far  back  of  the  surface  as  possible.    These  were  connected 

with  tile  drains  laid  up  and  down  the  slope  at  frequent  intex-vals,  in 

trenches  filled  with  broken  stone.     These  tile  drains  discharged  into 

sewer  pipes  laid  at  the  toe  of  the  slope,  underneath  the  lining,  all 

around  the  reservoir,  emptying  into  the  city  sewers  outside  the  dam. 

The  most  extensive  and  troublesome  of  these  surface  sUps  was  the 
one  which  constantly  discharged  mud  into  the  excavations  of  Reser- 
voir No.  4,  about  on  the  line  of  the  cable  road.  This  slide  extended 
west  almost  as  far  as  the  curve,  the  distortion  of  which  is  shown  in  Fig. 
2,  Plate  XIX,  and  was  lubricated  constantly  by  spring  water  following 
down  the  cable  road  track.  The  writer  noticed  the  distorted  rails  at 
this  curve  on  several  occasions  duriag  the  season,  and  ascribed  their 
condition  to  the  local  settlement,  and  the  slide  below  it. 

From  all  the  phenomena  observed  by  the  writer  during  the  con- 
struction of  the  reservoirs,  he  is  of  the  opinion  that  the  large,  main 
slide,  the  outlines  of  which  were  revealed  in  the  year  following  the 
excavations  of  the  reservoirs,  was  in  a  state  of  rest  throughout  the 
year  1894,  up  to  the  time  when  the  cracks  first  api^eared  in  the  we&t 
slope  of  Reservoir  No.  4,  in  August.  The  protrusion  of  the  upper 
layer  of  clay  in  a  marked  line,  and  at  a  rapid  rate,  out  beyond  the  face 
of  the  excavation  was  sudden  and  startling,  and  although  at  the  time 
it  appeared  to  l)e  but  a  deeper  manifestation  of  the  old  troublesome 
cable  road  slip  than  had  yet  been  apparent,  it  is  now  clear  that  it  was 
the  beginning  of  the  movement  of  the  big,  main  slide.  That  this  was 
caused  by  the  removal  of  the  toe  of  the  slide  in  the  excavation  of  the 
reservoirs  is  indicated  chiefly  by  the  fact  that  it  occurred  in  the  dry 
season  and  at  the  latter  end  of  the  summer.  Had  tlio  slide  been  mov- 
ing during  all  the  year  previous,  the  manifestation  of  it  could  not  have 
been  overlooked .  Evidently,  it  was  in  a  state  of  unstable  equilibrium 
requiring  but  small  cause  to  start  moving  again,  and,  although  the 
volume  of  excavation  removed  from  the  reservoirs  was  but  S%  of  that 
of  the  moving  area,  as  pointed  out  by  the  author,  it  was  the  key  which 
held  the  mass  from  continuing  its  ancient  movement. 


408  DISCUSSION    ON    A    PHESTOilENAL   LAND    SLIDE. 

Mr.  Schuyler.  All  other  great,  slides  of  this  region  have  their  greatest  movement 
during  the  rainy  season,  while  this  one  apparently  started  in  August, 
the  driest  part  of  the  year,  with  a  movement  of  ^  in.  per  day  for  sev- 
eral days,  although  the  subsequent  maximum  rate  was  but  12  in.  per 
annum. 

During  the  progress  of  this  work,  in  the  early  part  of  1894,  a  laud 
slide  occurred  at  Portland  Heights,  about  half  a  mile  southeast  of 
Reservoir  No.  4,  which  suddenly  overwhelmed  a  valuable  dwelling 
with  mud,  and  destroyed  its  contents.  The  volume  of  earth  which 
slid  was  probably  less  than  5  000  cu.  yd.,  originating  in  a  street  em- 
bankment on  the  heights  near  the  edge  of  a  high  bhifi".  It  descended 
a  slope  steeper  than  1  on  1,  a  vertical  height  of  from  300  to  400  ft., 
and,  after  starting,  its  movement  was  rather  in  the  nature  of  an 
avalanche  of  mud  than  that  of  an  ordinary  land  slide.  It  was  evidently 
something  of  this  character  which  was  expected  by  the  Committee  of 
100,  referred  to  in  the  paper,  when  they  protested  against  the  location 
of  the  reservoirs  in  the  City  Park,  as  the  Portland  Heights  slide  was 
of  very  recent  occuri'ence  and  fresh  iu  the  mind  of  everyone  when  they 
made  their  protest.  Such  a  torrential  movement  alone  could  have 
displaced  the  water  in  the  reservoirs  and  caused  a  sudden  flood,  and 
it  was  against  an  accident  of  this  type  that  the  Committee  expressed 
their  fears.  The  Engineers  of  the  city  saw  no  evidence  of  the  possi- 
bility of  a  slide  of  that  character  in  the  vicinity,  and  so  favored  the 
continviance  of  work.  They  were  at  least  as  well  able  to  judge  as  the 
Committee  of  100  novices  and  laymen,  and  they  certainly  did  not  see 
a  sign  of  the  deep-seated  ancient  slide,  the  slow  movement  of  which 
afterward  put  the  reservoirs  out  of  service. 

That  this  slide  was  caiised  primarily  by  water  and  the  lubrication 
which  water  afibrded  to  the  under  surface  of  the  moving  mass,  is  so 
manifest  as  to  be  axiomatic.  Practically  all  laud  slides  have  the  same 
moving  cause,  and  would  remain  stable  but  for  water. 

The  most  notable  and  extensive  land  slides  which  have  come  under 
the  writer's  observation  occurred  on  the  line  of  the  Canadian  Pacific 
Railway,  a  few  years  ago,  as  the  result  of  irrigating  high  bench-lands 
along  the  Fraser  River.  The  litigation  and  investigation  which  fol- 
lowed was  described  by  the  writer  in  a  paper  read  before  the  National 
Irrigation  Congress  of  1895,  held  at  Phcsnix,  Arizona.  The  cause  of 
these  slides  was  similar  to  those  which  developed  the  slide  under  dis- 
cussion, viz.,  removal  of  the  toe  of  the  old  slide,  in  a  state  of  rest,  by 
a  railway  cut,  and  the  continued  application  of  water  for  irrigation, 
in  the  same  saturating  excess  which  jiroduced  the  slide  before  the 
railway  was  built.  Irrigation  caused  the  slide;  after  the  original 
movement  it  reached  a  state  of  equilibrium  where  it  was  no  longer 
moving,  during  which  j^eriod  the  railway  location  was  made;  subse- 
quently, the  railway  cutting  removed  the  toe  of  the  slide  and  started 
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its  movement  afresh,  ami  contiuned  irrigatiou  kept  the  ground  lul)ri-  Mr.  Sclvuyler. 
cated  and  in  motion  until  the  courts  enjoined  the  irrigation,  and  the 
trouble  ceased. 

D.  D.  Clarke,  M.  Am.  Soc.  V.  E.  (by  letter).— In  reviewing  several  Mr.  Clarke, 
matters  referred  to  by  Mr.  Adams,  the  writer  desires  to  call  attention 
to  Plate  XXVII,  which  shows  the  original  prohle  of  the  cable  railway 
from  the  head  of  Jeflferson  Street  to  the  terminus  of  the  line  beyond 
the  northern  limit  of  the  slide.  From  this  profile  it  appears  that  the 
road  was  built  several  feet  higher  than  the  grade  originally  established, 
probably  in  order  to  lighten  the  cutting  west  of  the  reservoir  crossing. 
The  "landslides  "  in  this  cut  were  caused  by  the  caving  of  the  sides  of 
the  excavation  during  the  early  stages  of  the  work. 

Upon  this  profile  has  been  platted  a  cross-section  of  the  excavation 
for  Keservoir  No.  4.  It  was  near  this  crossing  that  a  cut  of  40  ft. 
occurred.  It  may  also  be  stated  that  this  cross  section  shows  practi- 
cally the  worst  point  to  be  found  along  the  full  length  of  both  reservoirs, 
and  it  can  be  taken  as  an  extreme  example  of  the  change  from  former 
conditions  caused  by  the  reservoir  work. 

Attention  is  called  to  the  fact  that  the  slope  of  the  excavation 
•varies  but  slightly  from  that  of  the  original  surface,  and  that  the 
maximum  depth  of  cutting  occurs  on  the  west  slope  and  not  in  the 
bed  of  the  ravine.  For  the  most  part,  the  actual  deepening  of  the 
original  ravine,  for  the  entire  leugtli  of  both  reservoirs,  ranged  between 
8  and  18  ft.  It  may  also  be  noted  that  the  line  of  the  slip  at  Reservoir 
No.  4,  when  first  discovered,  was  near  the  level  of  the  original  b^d  of 
the  ravine,  (see  page  333  and  Fig.  2,  Plate  XX),  and  not  8  or  more  feet 
below  that  point,  at  the  bottom  of  the  newly  excavated  basin. 

Mr.  Adams  is  undoubtedly  correct  in  assumingthat  the  rocky  ridge 
to  the  east  of  Reservoir  No.  4  is  a  barrier  of  unquestioned  stability; 
hut,  in  view  of  the  fact  that  the  maximum  recorded  movement  of  the 
slide  has  been  observed  at  a  jjoint  opposite  this  ridge,  where  the  bed  of 
the  slide  was  found  to  be  practically  on  a  level  with  the  original  bed 
of  the  ravine,  its  effectiveness  as  a  barrier  may  well  be  questioned. 
The  footing  which  held  the  slide  in  place  at  this  point,  in  accordance 
with  the  theory  of  those  who  contend  that  the  excavation  of  the  reser- 
voirs caused  a  movement. of  the  slide,  or  a  resumption  of  such  move- 
ment, could  have  been  but  a  very  few  feet  in  depth,  or,  in  fact,  so 
slight  a  depth  as  to  awaken  a  doubt  as  to  its  acting  as  an  effective  stop 
at  any  time. 

Mr.  Adams'  second  assumption,  that  the  streams  flowing  in  the 
ravines  in  which  the  reservoirs  were  built  were  not  of  an  erosive  char- 
acter, may  also  be  questioned.  The  writer  has  supi)osed  that  the 
existence  of  these  ravines,  having  banks  from  50  to  100  ft.  high  (see 
page  324),  was  due  in  part  at  least  to  the  action  of  water  at  some  period 
possibly  remote.     He  has  also  a  vivid  recollection  of  the  caution  given 
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Mr.  Clarke,  him  one  day,  soon  after  the  reservoirs  were  built,  by  a  citizen  who  had 
been  familiar  with  the  locality  for  a  long  term  of  years.  This  citizen's 
description  of  the  torrent  of  water  he  had  seen  coming  down  the 
ravine,  from  melting  snow  ou  the  hillside  above,  was  not  conducive  to 
the  writer's  peace  of  mind,  nor  did  he  feel  at  ease  until  the  artificial 
drainage  system  had  been  enlarged  and  improved. 

It  is  also  recalled  that  at  one  time  during  the  winter  of  1893-94, 
while  the  excavation  for  the  reservoirs  was, in  progress,  an  alarm  was 
raised  on  behalf  of  the  Sewer  Department,  and  the  Port  of  Portland 
Commission,  who  claimed  that  the  grading  contractor  was  sluicing  a 
large  amount  of  material  into  the  Tanner  Creek  Sewer  and  thence  to 
the  river,  where  objectionable  deposits  were  formed.  Theee  maiters  are 
mentioned  merely  as  indicating  that  at  certain  seasons  of  the  year  the 
stream  may  have  eroded  its  banks  to  some  extent. 

Mr.  Adams  is  correct  in  his  statement  that  the  various  depths  of 
cutting  at  the  reservoirs  were  less  than  41  ft.,  but  his  assumption  that 
the  slopes  of  the  excavation  were  increased  in  pitch  beyond  those  of 
the  original  ravine  is  hardly  supported  by  the  profile,  Plate  XXYII. 
The  4i-ft.  cutting  referred  to  by  Mr.  Adams  was  that  for  Shaft  No.  21 
(see  page  366). 

If  the  land  surveys  mentioned  by  Mr.  Adams  were  made  with  care 
they  should  give  reliable  indications  regarding  the  lack  of  movement 
during  the  period  he  names,  but  a  slight  movement  might  escape  notice. 
Kegarding  the  railway  track  on  Kingston  Avenup,  and  the  condi- 
tions existing  there,  which  led  Mr.  Adams  to  conclude  that  the  observed 
lateral  movement  was  entirely  of  a  local  character,  the  writer  calls 
attention  to  the  profile  of  the  cable  railway,  between  Stations  7  and 
15,  covering  the  excavation  and  embankment  where  difliculty  was 
experienced  in  keeping  the  track  in  proper  alignment.  It  is  not  diffi- 
cult to  understand  how  the  settlement  of  a  30-ft.  embankment  might 
throw  the  rails  out  of  line,  but  why  a  shallow  cutting  should  occasion 
a  similar  or  even  a  greater  distortion  is  not  so  evident.  The  earliest 
recorded  surveys  show  the  maximum  movement  of  the  track  to  have 
occurred  in  the  shallow  cutting  near  the  90"  curve  on  Kingston 
Avenue  (Fig.  1,  Plate  XIX),  and  the  earliest  and  latest  examinations 
have  resulted  in  finding  only  signs  of  "buckling"  of  the  track  running 
east  from  that  point,  all  rail  joints  being  tightly  closed  and  the  rails 
lifted  at  vertical  and  horizontal  bends  (see  Fig.  %  Plate  XIX). 

Mr.  Adams  expresses  regret  that  the  experts  for  the  plaintiff  were 
not  allowed  to  review  the  testimony  of  the  defendant  and  in  conse- 
quence the  essential  point  of  difference  in  the  exj^ert  oiiinion  was  ob- 
scured and  lost  on  the  jury.  In  his  charge  to  the  jury  the  trial  judge 
said,  in  part: 

"If  this  land  was  sliding  in  i*ecent  years  before  the  excavation  of 
the  reservoirs,  and  would  have  been  sliding  since  the  excavation  of 
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Fig.   1. — View  Looking  East  from  Ridge  West  of  Slide.    The  Westek.n  Margin  of 
Slide  is  in  the  Ravine  in  the  Foreground. 


Fig.  2. — Lump  of  Clay  Taken  from  the  Bottom  of  Shaft  No.  5,  101  Feet  below  the 
Surface.    The  Line  of  Cleavage  is  Clearly  Defined. 
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the  reservoirs,  it  would  make  no  difference  in  i)liiintiff'8  claim  or  de- Mr.  Clarke, 
fondant's  liability  it'  it  should  be  found  that  the  slide  was  not  con- 
tinuous but  intormitteut.  For  instance,  if  it  should  be  found  that 
in  the  years  immediately  i)receding  the  time  of  the  excavation  the 
land  had  slid  in  the  winter  and  stood  still  in  the  summer,  or  had  slid 
one  year  and  had  stood  still  the  next,  the  city  would  not  be  liable 
thoiigh  the  land  may  have  been  at  complete  rest  at  the  time  of  the 
excavation  of  the  reservoirs  and  have  started  to  move  immediately 
thereafter;  jirovided,  that  this  movement  was  only  a  continuation  of  the 
intermittent  movement  which  had  existed  before  and  which  would  have 
existed  thereafter  whether  the  reservoirs  were  constructed  or  not." 

The  evidence  submitted  during  the  trial  Avas  sufficient  to  prove  that 
the  movement  had  at  least  been  intermittent,  if  not  continuous,  and 
the  members  of  the  jury  (all  intelligent  men  of  affairs,  although  not 
residing  within  the  city  limits)  discerned  the  facts  of  the  case,  and, 
having  done  so,  the  only  course  open  for  them,  under  the  instructions 
of  the  court,  was  to  render  a  verdict  for  the  City. 

The  writer  is  among  those  who  believe  that  a  close  study  of  all  the 
observed  phenomena  recorded  in  the  paper  will  sustain  the  verdict  as 
a  most  just  and  equitable  one,  and  strictly  in  accordance  with  the  facts 
of  the  case,  notwithstanding  the  able  argument  in  support  of  the 
opposite  theory  with  which  Mr.  Adams  closes  his  remarks.  It  is  not 
believed  that  the  verdict  was  due  to  any  lack  of  skill  on  the  part  of 
the  plaintiff's  engineering  experts,  who  made  a  brilliant  effort  to  save 
the  day  for  their  clients,  but  they  were  doomed  to  defeat  "to  the  sat- 
isfaction of  the  defendant  and  the  grief  of  the  plaintiff." 

Mr.  Schuyler  has  defined  his  official  connection  with  the  Portland 
Water- Works  as  being  that  of  "Consulting  Engineer,"  charged  with 
the  duty  of  designing  and  constructing  the  reservoirs.  The  writer, 
therefore,  is  very  glad  that  attention  has  again  been  called  to  the  care- 
ful manner  in  which  the  gate-houses  and  pipe  connections  were  de- 
signed and  constructed,  so  as  to  obviate  any  danger  of  interrupting 
the  City's  supply.  The  fact  that  for  nearly  ten  years  the  City  has 
had  uninterrupted  and  satisfactory  service,  without  the  use  of  the 
reservoirs,  is  due  to  Mr.  Schuyler's  skillful  design,  and  is  a  matter  for 
sincere  congratulation. 

Regarding  Mr.  Schuyler's  statement  that  several  times  during  the 
season  (1894)  he  had  observed  the  distorted  rails  shown  at  the  curve 
in  the  railway  track  (Fig.  2,  Plate  XIX),  and  had  ascribed  their  con- 
dition to  the  local  settlement  and  the  slide  below  it,  it  may  be  stated 
that  the  slip  first  observed  at  Reservoir  No.  4,  at  the  point  where  the 
retaining  wall  and  drainage  tunnel  were  commenced,  was  between 
500  and  600  ft.  from  the  railway  curve  mentioned,  a  distance  sufiBcient 
to  make  it  more  than  a  merely  local  settlement. 

In  reaching  his  conclusion  that  the  slip  was  caused  by  the  removal 
of  the  toe  of  the  sUde  in  excavating  for  the  reservoirs,  as  indicated 
chiefly  by  the  fact  that  the  movement  occurred  in  the  dry  season  at 
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Mr.  Clarke,  the  latter  end  of  the  summer,  and  that  if  it  had  "  been  moving  all  the 
year  previous,  the  manifestation  of  it  could  not  have  been  over- 
looked," Mr.  Schuyler  evidently  forgets  that  the  slip  was  observed 
•within  a  very  short  time  after  the  first  section  of  the  reservoir  bank 
had  been  dressed  down  to  a  uniform  slope,  so  as  to  make  it  possible  to 
detect  so  slight  a  change.  Prior  to  that  time  (see  pages  332  and  377, 
the  western  slope  of  the  reservoir  had  been  in  a  rough  and  unfinished 
state,  making  it  practically  impossible  to  detect  a  movement  of  no 
greater  magnitude  than  that  which  was  then  taking  place. 
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Two  huge  suspension  bridges,  the  old  "Brooklyn  Bridge"  and  the 
"•Williamsburg  Bridge,"  now  span  the  East  Biver,  uniting  Manhat- 
tan with  the  adjacent  boroughs  of  Greater  New  York  on  Long  Island. 
Two  other  great  bridges  across  the  East  River  have  been  projected, 
the  '"Blackwell's  Island  Bridge"  and  the  "Manhattan  Bridge," 
for  which  designs  were  made  by  the  City  Dapartment  of  Bridges, 
under  the  direction  of  GustavLindenthal,  M.  Am.  Soc.  C.  E.,  former 
Commissioner  of  Bridges,  assisted  by  a  cousiiltiug  architect,  Mr. 
Henry   F.    Hornbostel. 

The  methods  used  in  makiug  check  sets  of  stress  calculations 
of  these  bridges,  for  which  the  Avriter  was  employed,  is  the  sub- 
ject of  this  paper.  It  is  presented  in  the  belief  that  the  methods 
described  are    so    exceptionally    simple,   so    easy    of  api)lication,    so 

*  Presented  at  the  meeting  of  September  21  st,  1904. 
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general,  as  well  as  so  accurate  and  reliable,  that  tLev  are  "vvell  worth 
the  attention  of  American  bridge  engineers  generally,  and  with  the 
hope  that  the  exceptional  magnitude  of  the  two  great  bridges  to 
which  these  methods  were  applied  with  perfect  success,  will  win 
for  them  attention  and  consideration  which  otherwise  could  hardly 
be  secured.  These  methods  include  nothing  new;  that  is,  noth- 
ing not  already  well  known  and  used  in  Eurojie;  but,  as  far  as  the 
writer  is  aware,  tbey  are  little  known  in  America  and  have  not 
jireviously  been  described  in  a  complete,  brief  and  clear  manner.  It 
is  the  purpose  of  the  writer  to  attempt  such  a  description,  and  he 
trusts  that  the  reader  will  pardon  any  repetition  of  matter  already 
well  known,  the  inclusion  of  which  is  made  necessary  for  the  sake  of 
completeness. 

The  two  bridges  in  question  are  what  are  known  as  "  statically-in- 
determinate structures,"  viz.,  structures  with  more  inner  parts  or 
outer  restraints  than  are  necessary  for  their  definition  (or  to  make 
them  "just  stiif  "),  and  the  calculation  of  the  stresses,  therefore,  is  not 
possible  through  the  simple  application  of  the  equations  of  equilib- 
rium. For  this  calculation  there  is  required,  in  addition,  the  con- 
sideration of  distortion  under  load  and  the  consequent  distribution  of 
stress  among  the  different  jjarts  of  the  structure.  This  involves,  in 
turn,  knowledge,  not  merely  of  the  form  of  the  structure,  but  of  the 
dimensions,  material  and  elastic  qualities  of  its  parts;  and  necessitates 
much  longer  and  more  complicated  calculations,  the  results  of  which 
are  much  less  reliable*  than  in  the  case  of  the  simj^ler  statically-deter- 
minate structures.  However,  these  calculations  are  frequently  neces- 
sary, as  in  this  case,  and  we  are  solely  concerned  here  with  the 
exposition  of  a  simple,  clear  and  reliable  general  method  for  this  jjur- 
pose. 

If  the  structure  were  determinate,  /.  e.,  if  it  had  no  uunecessar}- 
outer  restraints  or  inner  parts,  the  calculation  of  the  stresses  by  the 
ordinary  laws  of  equilibrium  would  ofifer  no  difficulties.  To  make  any 
actual  indeterminate  structure  so  calculable  it  would  be  necessary  to 
remove  the  superfluous  restraints  and  cut  the  superfluous  parts.  But 
in  that  case  the  structure  would  no  longer  act  as  it  did  previously. 

*  See  "Some  Fundamental  Propositions  Relating  to  the  Design  of  Frameworks," 
Teclnioloc/t/  Qucirterly,  June,  1H97;  "Some  Fiuuiainental  Propositions  in  the  Theory  of 
Elasticity, — a  Study  ot  Primary  or  Self-Balancing  Stresses,"  American  Journal  of 
,S'c(V'nre,  April,  ISWl,  and  "The  Exact  Design  of  Statically  Indeterminate  Frameworks, 
An  Exposition  of  its  Possibility,  but  Futility,"  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLJII, 
p.  353. 
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Suppose,  however,  that  the  restraints  thus  removed  and  the  stresses 
at  the  cut  surfaces  thus  eliminated,  be  replaced  by  forces  such  as  will 
make  the  distortion  of  the  structure  exactly  what  it  would  have  been 
if  the  superfluous  restraints  had  not  been  removed  and  the  superfluous 
parts  had  not  been  cut.  The  stresses  would  then  be  maintained  as 
though  nothing  had  been  changed,  and  they  would  readily  be  expressed 
in  terms  of  the  loads  and  the  replacing  forces.  But  these  replacing 
forces  are  unknown.  How  shall  they  be  determined?  Simply  by 
requiring  them  to  be  such  that  the  distortions  which  they,  together 
with  the  given  loading,  cause,  shall  be  jjrecisely  the  same  throughout 
us  though  no  restraints  had  been  removed  and  no  parts  had  been  cut. 
That  is,  they  must  be  sui'h  that  the  jjoints  free  from  restraint  will, 
nevertheless,  follow  the  path  of  restraint,  and  the  cut  surfaces  of  the 
parts  cut  shall,  nevertheless,  remain  together  as  though  they  were  not 
cut.  These  conditions  we  may  express  through  equations  of  elastic 
distortion,  and  these  equations  will  be  found  jirecisely  equal  in  num- 
ber to  the  unknown  forces,  and  linear  in  form.  Let  us  consider  the 
particular  cases  of  the  Blackwell's  Island  and  the  Manhattan  Bridges. 

Both  these  bridges  are  frameworks,  and  are  treated  under  the  sim- 
plifying assumptions  usual  with  frameworks,  the  calculation  being 
limited,  in  both  cases,  to  the  main  truss  systems. 

In  the  case  of  the  Manhattan  Suspension  Bridge  we  have  a 
structure  of  three  spans  to  consider,  viz.,  one  center  span  of  1  470  ft. 
and  two  side  spans  of  725  ft.  each.  The  center  sj^au  is  an  inverted 
arch  supported  on  rocking  towers.  The  side  spans  are  inverted  semi- 
arches,  each  supported  by  a  tower  at  one  end  and  an  anchorage  at  the 
other.  Horizontal  motion  of  the  anchor  ends  of  the  anchor  spans  is 
prevented  by  anchor  chains,  which  are  continuations  of  the  top  chords 
and  which  extend  far  down  into  the  anchorage  masonry,  where  they 
are  made  fast.* 

Suppose  one  of  the  anchor  chains  cut;  the  structure  would  be 
reduced  to  three  simple  spans  and  become  at  once  statically  deter- 
minable. But  it  would  not  act  as  before.  The  cut  anchor  chain 
stress  must  be  replaced  by  a  jaair  of  equivalent  forces,  applied  to  the 

*  The  analysis  of  this  structure  as  to  the  degree  of  indetermination  of  the  outer 
forces  may  be  made  as  follows:  There  are  four  points  of  support  for  the  truss  system: 
therefore,  with  two  reaction  elements  at  each  support,  there  would  be  eight  reaction 
elements  to  determine;  but  at  the  towers  tlie  reactions  are  vertical,  thus  leaving  only 
six  elements  to  be  determined.  For  this,  statics  furnishes  the  three  conditions  of  the 
equilibrium  of  forces  in  a  plane  and  the  two  f  urtner  conditions  that  the  moment  of  all 
outer  forces  either  side  of  a  section  at  either  tower,  about  the  summit  of  that  tower,  Is 
zero.    One  condition  remains  to  be  furnished  through  elastic  relations. 
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cut  ends.  In  order  to  detenuiue  this  pair  of  forces,  li  is  only  necessary 
to  express  the  condition  that  the  cut  ends  of  the  chain  shall  remain 
just  touching,  as  a  result  of  the  distortion  of  the  structure  from  these 
forces  and  the  load.  Or,  suppose  that  the  middle  lower  chord  bar  of 
the  center  span  be  cut,  that  a  hinge  be  introduced  in  the  middle  of 
the  upper  chord  bar  above  it,  and  that  suitable  diagonals  to  this  hinge 
be  provided,  in  place  of  the  normal  pair  of  counters  of  the  center 
panel.  The  structure  is  then  reduced  to  an  inverted  three-hinged 
arch  on  two  rocking  piers  braced  bv  two  anchored  side  spans,  and,  as 
before,  becomes  statically  determined.  Again,  it  would  not  act  as 
before,  and  the  stress  in  the  cut  bottom  chord  bar  mvist  be  replaced 
by  a  pair  of  equal  and  opi^osite  forces  ai^plied  at  the  cut  ends.  In 
order  to  determine  these  forces  it  is  only  necessary  to  exjjress  the  con- 
dition that  the  cut  ends  of  the  bar  shall  remain  just  touching,  as  a 
result  of  the  distortion  of  the  structure  from  these  forces  and  the 
load. 

In  the  case  of  the  Blackwell's  Island  Bridge  we  have  a  cantilever 
structure  of  five  clear  sj^ans  to  consider,  viz.:  (1)  a  Manhattan 
shore  span  of  469.5  ft.;  (2)  a  cantilever  arm  of  591  ft.  extending  over 
the  west  channel  of  the  East  River,  met  by  a  similar  cantilever  arm  of 
591  ft.  from  the  Blackwell's  Island  truss,  making  a  river  span  of  1  182 
ft. ;  (3)  the  main  span  of  the  Blackwell's  Island  truss  over  the  island, 
630  ft. ;  (4)  a  cantilever  arm  of  492  ft.  over  the  east  channel  of  the  East 
River,  met  by  a  similar  cantilever  arm  of  492  ft.  from  the  Queens 
truss,  making  another  river  span  of  984  ft. ;  and  (5)  the  shore  span  of 
the  Queens  truss,  of  459  ft.  Unlike  usual  American  cantilever  bridges, 
which  are  of  the  statically  determinate  type,  the  ends  of  the  cantilever 
arms  are  not  here  separated,  horizontally,  by  a  gap  sjDanned  by  a  con- 
necting truss,  but  the  end  of  the  cantilever  arm  from  one  shore  comes 
vertically  over  the  end  from  the  other  shore,  and  the  tAvo  are  connected 
by  a  long,  rigid,  vertical  member  or  "rocker  arm."  These  two 
rocker  arms,  one  in  each  river  si)au,  make  the  structure  doubly  static- 
ally iudetei'minate.* 


*  The  analysis  of  this  structure  as  to  the  degree  of  indetermination  of  the  outer 
forces  may  be  made  as  follows:  There  are  six  points  of  support  of  the  truss  system; 
therefore,  witli  two  reaction  elements  at  each  suppoit.  tliere  would  be  twelve  reaction 
elements  to  del  iTinine;  but  each  shore  span  aiielioraKe  reaction  is  vertical  and  one  of 
the  Blackivells  Islauil  truss  reactions  is  also  vertical,  liius  leaving  only  nine  elements  to 
be  determined.  For  this,  staties  furnishes  the  three  conditions  of  the  equilibrium  of 
forces  in  a  plane,  the  two  conditions  that  the  moment  of  all  outer  forces  on  either  side 
of  a  section  through  either  rocK-er  arm  about  any  point  of  the  arm  is  zero,  and  the  two 
further  conditions  that  the  resultant  horizontal  component  of  all  outer  forces  on  either 
side  of  a  section  tliroiigli  either  rocker  arm  is  zero.  Two  conditions  remain  to  be  fur 
nislied  througli  elastic  relations. 
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Suppose  both  these  rocker  aruis  cut,  the  structure  would  be  reduced 
to  three  simple  sjjans  with  disconnected  cantilever  extensions  and 
would  become  statically  determinable.  To  make  it  act  as  before,  the 
rocker  arm  stresses  must  be  replaced  by  pairs  of  equal  and  opposite 
(unknown)  forces  applied  to  the  cut  ends.  In  order  to  determine 
these  forces  we  must  exjjress  the  conditions  that  the  cut  ends  of  the 
bars  shall  remain  just  touching,  as  a  result  of  the  distortion  of  the 
structure  from  these  forces  and  the  load,  two  conditions  (since  there 
are  two  cut  bars)  corresponding  to  the  two  pairs  of  forces  which  are 
to  be  determined. 

In  all  cases,  then,  the  i^roblem  is  reduced  to  that  of  expressing 
certain  displacements  of  the  stmicture  in  terms  of  a  set  of  forces,  some 
known  and  some  unknown,  acting  upon  it  as  a  statically  determinate 
structure.  We  may,  therefore,  by  the  usual  methods,  and  simply 
through  the  laws  of  equilibrium,  express  the  stresses  in  all  parts 
of  the  structure  in  terms  of  these  forces,  known  and  unknown,  and 
thence,  through  the  stress-strain  relations  for  the  given  materials 
and  for  the  given  sections,  express  the  strains.  It  only  remains  to 
express  the  displacements  sought  in  terms  of  these  strains,  equate 
them  properly  and  obtain  the  required  conditions.  Thus  far,  probably 
nothing  has  been  stated  that  is  not  familiar  to  all.  But  how  shall  we 
express  the  desired  displacements  in  terms  of  the  strains  of  the  parts? 

Various  methods  may  be  adopted  to  this  end  Until  quite  recently, 
methods  were  applied  which  were  either  accurate,  but  very  laborious, 
or,  less  laborious,  but  only  apj^roximate,  often  based  on  theorems  of 
flexure.  But,  not  much  more  than  twenty  or  thirty  years  ago,  it  was 
noted  that  the  "principle  of  virtual  velocities"  could  be  applied  to 
this  end.  Briefly  stated,  this  theorem  simply  asserts  that  the  dis- 
placement of  a  point,  A,  of  an  elastic  body,  in  a  given  direction, 
resulting  from  a  given  displacement  or  distortion  of  some  other  part 
of  the  body,  is  equal  to  the  work  done  at  that  other  part  of  the  body 
by  the  stresses  there  due  to  unity  force  at  A  in  the  direction  of  its 
displacement,  through  their  displacements.  Siiecifieally,  if  a  bar, 
subject  only  to  direct  stress,  be  extended  by  J,  and  unity  force, 
applied  at  A  in  the  direction  in  which  its  (.^4'*)  displacement  was 
desired,  caused  a  stress,  «S'',  in  the  l)ar,  then  S'J  is  the  displacement 
of  A  in  the  given  direction  caused  by  the  extension,  J.  The  basis  of 
this  statement  is  very  simi^le.      The  work  done  by  the  force  unity  at 


418  BRIDGE   CALCULATION. 

A,  tliroiigh  its  displacement,  must  equal  the  correspondiDg  work 
done  by  the  stress,  S',  through  the  stretch  of  the  bar,  since  these 
are  forces  of  a  system  in  equilibrium,  and  the  only  ones  whose 
relative  displacement  is  involved.  This  means,  of  course,  that  the 
structure  must  be  such  that  the  independent  extension  of  the  bar  is 
possible;  in  a  word,  it  must  be  statically  determined  to  that  extent. 
Thus,  to  get  the  displacement  of  J  in  a  given  direction  we  have  only 
to  apply  at  A  an  imaginary  force  of  unity  in  that  direction,  determine 
the  corresponding  stresses  in  the  various  parts  of  the  (artificially) 
statically  determined  structure,  find  the  work  (jjositive  or  negative) 
done  by  these  through  the  actual  strains,  find  the  algebraic  sum  of 
these  work  elements,  and  the  result  will  be  the  actual  displacement 
of  the  point,  A,  in  the  given  direction,  as  a  result  of  the  given  set  of 
strains.  Analytically,  this  is  expressed  for  a  framework  in  the  well- 
known  formula,  5  =  .2  /S^'  z/,  in  which  -S^'  expresses  the  stresses  in  the 
bars  due  to  unity  force  at  A  in  the  direction  of  its  required  displace- 
ment, 5,  and  A  exjiresses  the  actual  elongations  of  the  corresponding 
bars  from  whatever  cause,  as  stress,  temperature  change,  etc.  The 
elongations.  A,  due  to  stress  are,  for  prismatic  bars  of  perfectly 
elastic  material,  of  course, 

and  the  stresses,  8,  may  be  expressed  as  simple  linear  functions  of 
the  loads,  L,  and  tlie  unknown  forces  replacing  the  removed  restraints 
and  stresses.  Ultimately,  this  evidently  results  in  the  expression  of 
each  8  (and  therefore  of  each  of  the  required  conditions),  in  terms  of  a 
simple  linear  equation  of  the  forces  known  and  unknown.  The 
solution  of  these  linear  equations,  which  are  equal  in  number  to  the 
unknown  forces,  gives  their  values.* 

Turn  again  to  the  particular  examples  to  be  considered.  Sup- 
pose, in  the  Manhattan  Bridge,  that  we  cut  an  anchor  chain  and  that 
we  made  the  horizontal  component  of  the  stress  in  the  anchor  chain, 
H,  the  unknown  force  to  be  determined.  Suppose  we  cut  the  Man- 
hattan anchor  chain  at  the  shore  end  of  the  Manhattan  shore  span. 
Let  us  find  the  analytic  condition  that  under  any  given  load  and 
the  corresponding  H,  the  separation  of  the  cut  ends  of  the  anchor 
<;hain  shall  be  zero.      Or,    still  better  expressed,   in  this   ease,   let 

*  See  George  F.  Swain—"  On  the  Application  of  the  Principle  of  Virtual  Velocities  to 
the  Determination  of  the  Deflections  and  Stresses  of  Frames."  Journal  of  the  Franklin 
Institute,  Feb.,  1883. 
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us  find  tUe  separation  of  the  cut  ends  of  the  anchor  chain  due  to  any 
given  load,  and  the  horizontal  piill,  77,  necessary  to  reduce  this  to 
zero.     This  H  will  then  be  the  required  value. 

First,  let  us  find  how  much  separation  of  the  cut  ends  a  horizontal 
pull  of  unity  would  overcome.  Let  S'  be  the  stresses  throughout  the 
structure  resulting  from  the  a^jplication  of  a  pair  of  equal  and  opposite 
I^ulls  whose  horizontal  component  is  unity,  on  the  cut  ends  of  the 
cable — that  is,  the  stresses  in  the  structure  due  to  unity  "  horizontal 
component"  (see  Fig.  1).  The  elongations  of  the  l)ars  under  these 
stresses  would  be, 

-^'^ 

and  the  separation  which  would  be  overcome  by  77  =  1,  would  be. 

What  woiild  be  the  separation  of  the  cut  ends  of  the  anchor  chain  due 
to  a  given  load  acting  alone?  What,  for  example,  would  be  the 
sej^aration  due  to  a  load  of  unity  applied  at  the  center  of  the  center 
span?  Let  S"  be  the  stresses  throughout  the  striicture  due  to  unity 
load  at  that  point.  It  must  be  remembered,  here,  that  we  are  dealing  with 
the  structure  with  an  anchor  chain  cut,  and  therefore  acting  as  three 
simple  spans.  The  8"  are  simply  the  stresses  in  the  middle  span  and 
the  towers,  due  to  load  unity  at  the  center  of  the  middle  span  acting 
as  a  simple  truss  supported  at  its  ends.     The  consequent  elongations 

of  the  bars  are, 

S"  I 
J"  — 

and  the  sejaaration  of  the  cut  ends  of  the  anchor  chain  resulting  from 

these  elongations  is, 

S"  I 
5"  =  —  2  8'  A"  =—^8'  %^, 

Ea 

the  minus  sign  being  used  because  the  8'  are  due  to  unity  pull,  that 

is,  they  are  forces  acting  contrary  to  separation.     And  since  unity 

horizontal   component   will   overcome    5  separation,    the   actual 

horizontal  component  due  to  a  load  of  unity  at  the  center  of  the  center 

span  of  the  actual  structure  (with  uncut  anchor  chains)  must  be, 

:2  8'^ 


Ea 
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In  the  same  way,  by  applying  a  load  of  unity  at  any  other  point, 
determining  the  consequent  stresses  and  thence  the  strains  of  the 
members  of  the  structure  (with  anchor  chain  cut),  and  so  the  con- 
sequent separation,  d,  of  the  cut  ends  of  the  anchor  chain,  we  could 
find  the  value  of  the  horizontal  component 


H: 


^H=l 


necessary  to  reduce  this  separation  to  zero,  that  is,  the  real  value  of 
H  due  to  this  load  on  the  actual  structure.  Thus  we  could  find  the 
value  of  H  in  the  actual  structure  for  load  unity  at  each  load  point, 
whence,  by  multiplication  by  any  loads,  and  summation,  the  value  of 
H  for  those  loads  would  follow.  And  since  the  actual  stress  due  to 
any  loading  will  be  the  stress  for  that  loading,  if  there  were  no 
horizontal  comi3onent  (anchor  chain  supposed  cut),  plus  the  stress 
due  to  the  actual  horizontal  comi^onent  for  that  loading,  or  analy- 
tically, 

8=S^  +  HS'; 

the  jaroblem  of  the  determination  of  the  stresses  in  the  actual  struct- 
ure for  any  actual  loading  would  herewith  be  solved. 

In  the  Blackwell's  Island  Bridge,  suppose  we  had  cut  the  two 
"rocker  arms"  and  made  their  stresses,  P^,  and,  P^,  the  unknown 
forces  to  be  determined.  The  princiisles  ai-e  the  same  as  before,  but 
the  work  is  a  trifle  less  simple,  as  we  have  two  (unknown)  variables 
instead  of  one.  We  have  to  find  the  analytic  conditions  that,  under 
any  given  load  and  the  corresponding  rocker  arm  stresses,  the  sepa- 
ration of  the  cut  ends  of  the  rocker  arms  shall  be  zero. 

First,  let  us  find  what  disjjlacements  of  the  ends  of  the  cantilever 
arms  (the  cut  ends  of  the  rocker  arms)  would  result  from  unity  pull 
at  those  ends,  in  the  sense  of  tension  in  the  rocker  arms,  but  on  the 
supposition  that  both  rocker  arms  are  cut.  We  have,  in  Fig.  2,  the 
stresses  due  to  such  jjulls  of  unity  throughout  the  structure.  Let 
S' j^  denote  these  stresses  in  the  left-hand  or  Manhattan  truss,  S'^q 
those  in  the  center  or  Blackwell's  Island  truss  for  pull  of  unity  on  the 
left  (or  Manhattan)  cantilever  end,  -S''^^  those  in  this  truss  for  pull  of 
unity  on  the  right  (or  Queens)  cantilever  end,  and  S'j^  those  in  the 
right-hand  or  Queens  truss.  The  ujjward  deflection  of  the  end  of 
the  cantilever  of  the  Manhattan  truss,  for  any  elongations,  Jj^,  of  its 
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bars  would  be,  S  j^  =  2  S'j^  J^,  and,  consequently,  for  the  elongations 

due   to  unity    upward  i)nll   at  the    end  of   the   cantilever   arm,    this 
deflection  is, 


(^x)p   =1=^- 


Ea 


L 

similarly,  the  downward  deflection  of  the  end  of  the  left  cantilever 
arm  of  the  center  span,  for  any  elongations,  //^,  of  the  center  span 
bars,  is  5       =  ^  ^' lc  ^c'  ^^'^  ^°'  ^^^  ^''^  elongations, 

(J        )  ^^ 

^     LC>  P,  =  1  = 


JiJ  a 

due  to  unity  downward  pull  at  the  end  of  the  left  cantilever  arm,  the 
downward  deflection  is, 

In  the  same  way,  for  the  downward  deflection  of  the  end  of  the  right 
cantilever  arm  of  the  center  sjjan,  we  have,  5  ,,  =  2  ^' j^q  ^ q-:  gen- 
erally, and 


(5 


RC'P^  =  ^-^      Ea 


for  that  due  to  unity  downward  pull  at  the  end  of  the  right  cantilever 
arm,  and  for  the  upward  deflection  of  the  end  of  the  cantilever 
of  the  Queens  truss,  we  have,  5^  =  ^2  S\  J^,  generally,  and  for  unity 
upward  pull  at  the  end  of  the  cantilever  arm, 


(•5, 


^-2 


iS'nfl 


Finally,  the  downward  deflection  of  the  end  of  the  left  cantilever  arm 
of  the  center  span,  due  to  a  downward  pull  of  unity  on  the  end  of  the 
right  cantilever  of  the  center  span,  is, 

^LC)P^  =  1-^  Ea  'RC'P^-U 

■which  is  equal  to  the  deflection  of  the  end  of  the  right  cantilever  arm 
of  the  center  span,  due  to  a  pull  of  unity  on  the  end  of  the  left 
cantilever  arm. 

Now,  let  us  raise  the  question,   what  would   be  the  rocker  arm 


424 


BRIDGE    CALCULATION. 


stresses  due  to  a  single  load,  say  of  unity,  applied  to  any  load  point 
of  the  structure  ?  Let  tliese  stresses  be  P j  and  P^  ,  respectively. 
Then  the  actual  stresses  in  the  structure  may  evidently  be  built  up  of 
two  parts,  Sq,  those  due  to  the  load  alone,  considering  the  rocker 
arms  as  cut,  and  P^  S' j^  in  the  left  shore  span,  J*^  S' j^  ^  •\-  P ^  S' ^  ^ 
in  the  center  span  and  P^,  'S"^  in  the  right  shore  span.  The  corre- 
sponding elongations  of  the  bars  are 


S^l 


S'^l 


P. 


E  a 


S' 


RC 


I 
J  and  p 


S'^l 


Ea        ^    Ea     '  ^     Ea      '       ^    Ea  ^  R  Ea' 

The  consequent  sejiaration  of  the  cut  ends  of  the  left  rocker  arm  will 
be 


0  =  S, 


4.S  P     r^^'''^*'^     ^ilLC^l 


^^ 


L      O 
E  a 


+  ^ 


'2^ 


LC       RC 


E, 


+ 


^^'l  c  ^o  ^ 


E  a 


0 


according  as  the  load  is   on  the  left,  the  center  or  the  right  truss 
Similarly,  the  separation  of  the  cut  ends  of  the  right  rocker  arm 
will  be  : 


0 


'RC 


+  'r  =  ^l 


^ 


"^  LC      RC 

Ea 


+  P 


.[^'%^'+^! 


S' 


,)' 


Ea 


+ 


^ 

2 


0 
or 

'^'rc^o^ 


Ea 


R^O^ 

Ea 


according  as  the  load  is  on  the  left,  the  center  or  the  right  truss.  In 
these  expressions,  the  terms  for  the  stretch  of  the  rocker  arms  must 
not  be  forgotten.  The  solution  of  these  two  simultaneous  equations 
which  are  linear  in  our  only  two  unknown  quantities,  P^,  and,  P^' 
Avill  give  their  values.  By  solving  these  equations,  successively,  for  a 
load  unity  at  each  load  point,  we  could  find  the  values  of  the  rocker 
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arm  stresses  for  each  such  load,  and  thence,  by  summation,  for  any 
loads.  The  actual  stresses  due  to  any  loading  are  those  which  woiild 
exist  if  there  were  no  rocker  arms  i^lus  those  due  to  the  actual  rocker 
arm  stresses,  or,  analytically, 

-^  =  s^,  +  ^L  ^'v  ^  =  So  +  Pj^  S'^  ^  +  p^  s'^,  ^,  s  =  -s;,  +  p^  s'^, 

left  truss  center  truss  right  truss 

SO  that  the  i^roblem  for  the  actual  structure  and  for  any  loading  is 
thus  solved. 

We  may  note  that,  for  any  loading,  the  equations 

0  =  Sl+^lc  =  Pl 


^^     E  a    +  ^^       E  a 


,«v  „«■„„;      ^-.s-^s^i      ^^S'^,.a„i 


Ea 

and 


0  =  ^rc  +  ^r  =  Pl^ 


S'l  c^'rc^ 


E> 


A^  Ea  ^^  Ea  y  ^  Ea  '^ ^  Ea  ' 
furnish  directly,  by  their  solution,  the  values  of  P^  and  P^  and 
thence  the  actual  stresses.  We  may  further  note  the  special  cases, 
first,  of  a  load  of  unity  suspended  on  the  end  of  the  left  (or  Manhattan) 
truss  cantilever  arm,  for  which  S^-^  =  —  S' ^,  simply,  where  we  find  by 
solution  the  rocker  arm  stresses, 
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We  have  naw  seen  how  the  calculation  of  an  indeterminate  struct- 
ure may  he  reduced  to  that  of  a  determinate  structure,  by  doing 
awav  with  suparfliious  restraints  and  cutting  superfluous  parts,  sub- 
stituting for  the  influences  thus  destroyed  corresponding  replacing 
forces;  how  these  replacing  forces  are  determined  by  expressing  the 
candition  that  the  distortions  shall  remain  as  before;  and  how  we 
may  most  easily  express  these  latter  conditions,  analytically,  by  the 
aid  of  the  principle  of  virtual  velocities,  thus  obtaining  simultaneous 
linear  equations  in  the  unknown  replacing  forces  (equal  in  number 
to  those  forces),  whose  solution  gives  the  values  of  these  forces  and 
so  reduces  the  calculations  to  those  of  determinate  structures.  And 
we  have  followed  this  j^rocess  in  the  case  of  two  particular  structures. 
But  much  yet  remains  to  be  considered  in  the  way  of  perfecting  and 
completing  our  jjrocedure. 

We  have,  it  is  true,  already  shown  how  we  may  obtain  an  analytic 
expression  for  the  value  of  each  of  the  replacing  forces  for  any  given 
loading,  and  we  have  given  such  expressions,  or  their  elements,  for 
the  two  bridges  whose  calculation  is  here  used  for  illustration.  But, 
for  such  calculation,  we  wish  to  be  able  to  determine  readily  these 
replacing  forces  for  any  loading,  and  the  application  of  these  formulas 
separately  to  each  loading  would  be  exceedingly  laborious,  for  even 
a  single  application  involves  much  labor.  Evidently,  anything  that 
diminishes  this  labor  will  be  highly  desirable,  and,  as  a  first  step,  we 
must  note  the  determination  of  the  values  of  the  replacing  forces  for 
a  load  of  unity  at  each  of  the  load  points.  Then  the  values  for  all 
other  loadings  follow  at  once  from  these  by  simple  multiijlication  and 
summation.  This  procedure  would  reduce  the  apijlications  of  our 
formulas  to  as  many  loadings  as  there  are  load  points  only,  a 
great  saving,  but  still  leaving  far  too  much  work  to  be  done. 
Here,  again,  another  theorem  comes  to  our  rescue — that  of  the  recip- 
rocal nature  of  displacements,  often  called,  in  the  theory  of  structures, 
■"  Maxwell's  reciprocal  theorem,"  and  known,  in  the  general  theory  of 
the  elasticity  of  solid  bodies,  as  "  Betti's  reciprocal  theorem." 
Briefly,  Maxwell's  theorem  asserts  that  the  displacement  of  any  point, 
A,  in  any  given  direction,  A  C,  due  to  unity  force  at  B  in  any  given 
direction,  B  D,  is  equal  to  the  displacement  of  B  in  the  direction, 
B  D,  due  to  unity  force  applied  at  A  in  the  first  direction,  A  C.  The 
reason  for  this  is  exceedingly  simple.     Let  the  displacement  of  A  in 
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tlie  direction,  A  C,  due  to  unity  force  at  B  he  a,  and  the  simultaneous 
displacement  of  B  in  the  direction,  B  1),  of  the  force  be  b'.  The  poten- 
tial energy  of  the  body  will   be  increased  throiigh  the  application  of 

the  force  of  unity  at  Z^  by  —  h'.     Now  let  unity  force  be  applied  at  A 

in  the  direction,  A  C,  of  the  displacement,  a,  and  let  A  suffer  the  con- 
sequent further  displacement,  a',  in  the  same  direction,  and  B  the 
further  displacement,  b,  in  the  same  direction,  B  D,  asb'.  The  potential 

energy  will  be  further  increased  by  -^  a'  -f-  b,  or  the  total  increase  from 

applying  both  forces  of  unity  will  be, 

But  suijpose  the  forces  of  unity  had  each  been  applied,  first  at  A  and 
then  at  B.  A,  under  the  force  there  ajiplied,  would  have  been  dis- 
placed by  a',  while  ii  was  simultaneously  displaced  by  b,  the  j^otential 

energy  now  increasing  -—  a'.      Then,    applying  the    second   force   of 

unity  at  B,  it  would  be  displaced  by  b',  while  A  would  simultaneously 
be  displaced  by  a,   resulting  in  a  further  increase  of  the  potential 

energy  of  —  fi'  -f-  a,  and  the  total  increase,  from  apjjlying  both  forces 

in  this  order,  would  be  ^  E.^  ^=  -^  a'  -\-  ~  b'  -\-  a.    But  since  the  or- 

der  of  application  of  the  loads  cannot  affect  the  ultimate  result, 
A  E^^  A  E.2,  and  therefore  a  —  b.* 

Consider  the  practical  bearing  of  this  theorem  on  our  problem. 
We  wish  to  .know  the  stress  in  a  certain  superfluous  member  or  the 
restraint  acting  on  a  certain  part  of  the  structure  due  to  forces  ap- 
plied at  any  of  certain  other  points  which  we  may  term  load  points. 
Suppose  the  member,  whose  stress  is  sought,  to  be  cut,  or  the  re- 
straint, whose  amount  is  desired,  to  be  removed  (all  other  superfluous 
members  or  restraints  remaining  unchanged),  and  a  pair  of  equal  and 

*  The  following  brief  proof  based  on  the  principle  of  virtual  velocities  is  recom- 
mended by  Prof.  George  F.  Swain,  M.  Am.  Soc.  C.  E.  Let  .S"  ^  be  the  stresses  in  the  bars 
due  to  unity  force  at  A  in  the  direction,  A  C,  and  S'^  the  stresses  in  the  bars  due  to 
unity  force  at  B  in  the  direction,  B  D.    The  displacement  of  B  in  the  direction,  B  D, 

due  to  unity  force  at  A  in  the  direction.  A  C,  will  then  be,  6  =  2      ^      ^     .    But 

Ea 
the  displacement  of  A  in  the  direction,  A  C,  due  to  unity  force  at  i?  in  the  direction, 

B  Z),  will  he,a=2  __^__£_,  whence  o  —  b. 
Ea 
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opposite  forces  of  unity  to  be  applied  at  the  cut  ends  or  in  place  of 
the  removed  restraint.  Through  the  methods  already  described,  we 
can  determine  the  consequent  stresses,  and  therefore  strains,  of  all 
members  due  to  the  pair  of  forces  of  unity.  Suppose  we  now  deter- 
mine the  consequent  displacements  of  all  the  load  points  and  also  the 
separation  of  the  ends  of  the  cut  member,  or  of  the  points  between 
which  the  removed  restraint  acted.  Evidently,  by  Maxwell's  theorem, 
the  separation  of  the  ends  of  the  cut  member  (or  of  the  points  between 
which  the  removed  restraint  acted)  due  to  unity  force  applied  at  any 
load  point,  would  be  equal  to  the  displacement  of  that  load  point  in 
the  direction  of  this  applied  force,  due  to  the  pair  of  forces  of  unity. 
And  this  quantity,  divided  by  the  separation  of  the  cut  ends  (or  of 
the  points  between  which  the  removed  restraint  acted),  due  to  the 
pair  of  forces  of  unity,  would  give  the  value  of  the  stress  or  restraining 
force  sought. 

The  problem  is  now  reduced  to  that  of  obtaining  a  displacement 
diagram  of  the  load  points  for  a  known  set  of  strains.  There  are 
many  methods  by  which  this  may  be  done,  among  others  that  of  the 
successive  application  of  the  principle  of  virtual  velocities  to  each 
load  point;  but  even  this  is  unnecessarily  long  and  laborious,  unless 
exceptional  accuracy  is  desired.  Far  simpler  and  briefer,  in  the 
case  of  frameworks,  are  certain  graphical  methods  which  have  now  to 
be  described. 

The  first  of  these  is  the  Williot  displacement  diagram.  Suppose 
that  from  any  two  points,  A  and  B  (Fig.  7),  two  bars,  A  C  and  B  C, 
extend,  meeting  in  C.  Suppose  that  ^-  and  B  each  suffer  certain  dis- 
placements, and,  further,  that  A  C  and  B  C  suffer  certain  changes  in 
length,  and  that  we  have  to  find  the  resulting  displacement  of  the 
joint,  C. 

Imagine  A  C  and  B  C  freed  at  C.  Let  ^  ^'  be  the  given  displace- 
ment of  A,  and  B  B'  that  of  B.  Conceive  A  C  moved  parallel  to 
itself  to  A'  C'^,  and,  similarly,  B  C  moved  to  B'  C'g.  Let  (7'^  C"^ 
be  the  change  in  length  of  A  C,  and  C'g  C" ^  that  of  B  C.  Evidently, 
if  we  now  swing  A'  C" ^  about  ^',  and  B'  C" ^  about  B' ,  until  the  free 
ends  meet  at  C",  this  will  be  the  new  position  of  the  joint,  and  C  C" 
will  be  the  displacement  sought.  Practically  the  displacements,  A  A' 
andB  B\  and  the  changes  in  length,  C\  C"^  and  C'^  C"g,  will  be  ex- 
tremely small  compared  with  the  lengths,  A  C  and  B  C,  and  the  arcs 
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Fig.  7. 


Fig.  8. 


of  circles,  C"^  C"  and  C"j^  C",  will  prac- 
tically coincide  with  tlie  perpendiculars  from 
C"^  and  C"g  to  the  directions  of  A  C  and 
B  C,  respectively.  Moreover,  we  note  that 
the  only  essential  part  of  the  construction 
is  the  figure,  C  C ^  C"\  C"  C" ^  C'j^,  which 
is  shown  here  alone  in  Fig.  8.  This,  then,  is 
all  wo  need  draw.  And,  since  exaggeration 
does  not  aflfect  its  proportions,  we  may 
make  it  of  any  convenient  size.  Thus,  from 
a  point,  C,  we  lay  out  the  displacements  of  A 
and  B  at  a  thousand  times  their  real  amoiint, 
or  C  C'^  and  C  C'^.  From  C  ^  and  C'^  we 
lay  off,  in  the  directions  of  the  bars  (which 
remain  practically  unchanged)  their  changes 
in  length,  (7'^  C"^  and  C'g  C"^,  respec- 
tively, also  exaggerated  a  thousand  times.  From  C"  ^  and  C" ^  we- 
draw  lines,  (7''^  C"  and  C"^  C",  perpendicular  in  direction  to  the 
directions  of  the  bars,  and  their  intersection,  C",  furnishes  us  the 
displacement,  C  C",  of  C  in  amount  (exaggerated  a  thousand  times) 
and  in  direction.  The  method  is  exceedingly  simple  and,  when  the 
intersections  are  good,  is  exact.  When  the  intersections  are  not  good, 
the  construction  itself  is  likely  to  be  bad. 

This  method,  applied  repeatedly,  enables  us  to  find  the  displace- 
ment of  all  joints  of  any  framework  which  can  be  built  up  by  adding 
successive  pairs  of  bars,  for  any  given  set  of  strains.  We  must  start 
by  assuming  a  fixed  point  and  a  fixed  direction  and  Iniild  upon  these. 
The  various  displacements,  thxia  found,  will  then  have  to  be  corrected, 
generally,  for  the  ei'ror  in  the  assumption  that  a  certain  direction  was 
fixed.  This  is  most  readily  done  by  noting  the  true  displacement  of 
some  point,  which  is  usually  obvious,  and  projjortioning  the  cor- 
rections of  all  other  points  to  its  correction,  a  simple  matter,  since 
it  involves  simply  the  corrections  due  to  a  small  rotation  of  the  frame- 
work. The  displacement  of  each  joint,  due  to  the  rotation  of  the 
framework  about  any  point,  is,  in  direction,  perpendicialar  to  the  line 
connecting  the  point  with  that  joint  and,  in  amount,  proportional  ta 
the  length  of  this  connecting  line.  If,  therefore,  we  draw  a  figure 
similar  to  our  framework,  but  rotated  90°,  in  the  sense  of  the  correct- 
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■nS  rotation,  with  one  of  its  points,  which  is  actually  fixed,  coinciding 
with  the  displacement  position  of  that  point  in  the  Williot  diagram, 
and  to  such  scale  as  shall  make  the  line  from  any  other  of  its  points 
to  the  corresponding  displacement  jiosition  ot  that  point  in  the  "Williot 
diagram  correctly  represent  the  actual  direction  of  the  displacement 
of  that  point,  then  the  points  of  this  figure,  thus  drawn,  will  give  us, 
by'^their  distances  and  directions  from  the  actually  fixed  point,  the 


rotation  displacements  of  all 
these  points.  The  distance  and 
direction  from  any  one  of  the 
joints  of  this  figure  to  the  corre- 
sponding displacement  position 
of  the  point  in  the  Williot  dia- 
gram will  give  the  actual  dis- 
placement in  amount  and  direc- 
tion (all,  of  course,  to  the  exag- 
gerated scale). 

For    example,    consider    the 
simple  truss  in  Fig.  10  supported 
at  1  and  on  rollers  at  3.     Suppose 
we  regard  2  as  a  fixed  point  and 
2-4    as    a   fixed    direction,    and, 
starting  from  2'",  proceed  to  the 
corresponding  Williot   displacement  diagram.     Suppose  2-4  to  have 
the  extension  2"'-4"'.     The  extension,  2"'-5"„  of  2-5  and  compression, 
4"'-5"  ,  of  4r-5  enable  us  to  find  the  corresponding  displacement  posi- 
tion, 5"',  of  5,  whence  the  extension,  2"'-l",,  of  2-1  and  the  compres- 
sion, 5"'-l"5,  of  5-1  enable  us  to  find  the  displacement  position,  1'", 
of  1.'  Lastly,  the  extension,  2"'-3"2,  of  2-3  and  the  compression,  4"'-3"„ 
of  4-3  give  us  the  displacement  position,  3'",  of  3.     That  is  to  say, 
2"'-l"'  represents  the  magnitude  and  direction  of  the  motion  of  1, 
2"'-5"'  that   of  5,    2"'-4"'  that   of  4,  and   2"'-3"'  that  of  3,  all  with 


Fig.  10. 
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reference  to  2  as  a  fixed  point  and  2-4  as  fixed  in  direction.  Now  the 
actual  displacement  of  1  is  zero,  and  the  actual  displacement  of  3  is 
in  the  direction  of  the  plane  of  its  roller  bed,  instead  of  the  direction, 
2"'-3"',  jiist  found.  Thus,  the  actual  disj)lacement  of  3  must  be  found 
by  combining  its  displacement,  l"'-3"',  with  respect  to  1  on  the  sup- 
position that  2—4  is  a  fixed  direction,  with  such  a  rotational  displace- 
ment about  1  as  shall  give  the  actual  displacement  in  the  roller  bed 
direction.  This  rotational  displacement  of  3  occurs  perpendicular  to 
the  line  1-3,  therefore  we  find  the  intersection,  3',  of  the  line,  l"'-3', 
perpendicular  to  1-3  with  the  line,  3"'-3',  in  the  roller  bed  direction, 
and  3'-3"'  is  the  actual  displacement  of  3  in  amount  and  direction. 
Now  we  construct  the  figure  1'"  2'  3'  4'  5',  similar  to  the  original 
truss  figure,  12  3  4  5.  Then,  2'-2"',  3'-3"',  4'-4"'  and  5'-5"',  will  be 
the  actual  displacements  of  the  points,  2,  3,  4,  and  5,  in  amount  and 
direction  (to  the  exaggerated  scale). 

The  Williot  displacement  diagram  thus  furnishes  an  exceedingly 
simple  and  beautiful  method  of  attaining  the  desired  end.  But, 
practically,  this  method  has  defects.  It  tends  to  siim  up  and  mul- 
tiply errors,  even  more  than  does  the  use  of  the  ordinary  Cremona 
stress  diagram.  And  if  the  elongations  of  the  members  are  laid  out 
on  a  reasonable  scale  the  displacement  diagram  as  a  whole  becomes 
excessively  large.  By  making  several  independent  diagrams,  espe- 
cially with  different  points  and  lines  assumed  as  fixed,  and  averaging 
the  results,  the  first  of  these  objections  can  be  overcome  in  part,  but 
for  greater  accuracy  another  procedure  is  often  preferable. 

In  bridges,  the  load  jjoiuts  are,  as  a  rule,  either  the  top  or  bottom 
chord  joints  or  are  connected,  simply,  with  them.  All  that  is  needed  in 
such  a  case,  then,  isthe  "  deflection  curve  "  of  the  "load  line  "  for  unity 
value  of  the  replacing  force  under  consideration.  This  curve  jiermits  of 
comparatively  accurate  and  ready  deter- 
mination in  a  variety  of  ways,  Imt,  in  the 
case  of  frameworks,  probably  the  best  way 
is,  first,  to  determine  the  deflection  angle 
at  each  "  panel  point  "  of  the  load  line, 
from  which  the   deflection   curve  readily 

follows.     To  determine  these  angles  (say  it      ■*  ^\  'M""') 

is  the  angle  between  two  adjacent  chord 
members,  in  each  case),  we  have  to  deter- 
mine the  distortion  angles  of  the  triangles  Fio.  12. 
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whose  sides  are  iu  part  the  members  meeting  at  the  joint.  And  these 
distortion  angles,  we  may  very  readily  determine  by  the  aid  of  Williot 
polygons,  as  follows:  Let  ABC  (Fig.  12)  be  such  a  triangle  and  the  dis- 
tortion angle  at  B  for  given  elongations  of  A  B,  B  C  and  A  C  be 
required.  Let  .4  B  increase  by  B  B';  let  A  C  increase  by  C  C"^,  and 
let  B  C  shorten  by  C'^  (7"^.  Then  C"  will  be  the  resulting  position 
of  C.     But  this  means  that  B  C  will  have  swung  through  the  small 

C"     C" 
angle        ^  ^^  have  then  only  to  determine,  accurately,  C'     C", 

B  C 
in    order    to  solve    the    problem.      Practically,  we  lay    out    C  C" ^ 

and  B  B'  =  C  C'g  from  A  on  the  triangle,  A  B  C,  to  an  exaggerated 
scale,  as  (G)  {G"j)  and  (C)  (C^).  Then  we  draw  (C'g)  (C"^)  par- 
allel to  B  Cand  equal  to   C'gC'j^  on  the  same  scale.     The  perpen- 


dicular to  -4  C  through  (C"^)  and  that  to  B  C  through  {C  ' g)  give  (C") 
and  thus  (C"'g)  {C'")  which,  measured  on  the  exaggerated  scale,  is  the 
quantity  sought.  The  triangle,  A  B  C,  on  which  this  work  is  done, 
would  preferably  be  a  part  of  the  figure  of  the  truss,  carefully  and 
accurately  drawn.  Proceeding  thus,  from  triangle  to  triangle,  we 
readily  obtain  these  distortion  angles,  and  thus,  by  summation  at  each 
'oint,  carefully  observing  signs,  the  deflection  angles  at  each  joint.  It 
now  only  remains  to  find  the  corresponding  deflection  curve. 

The  deflection  angles  thus  being  known,  the  deflection  curve  may 
be  easily  found,  either  graphically  or  analytically.  The  former 
method  is  a  trifle  simpler  and,  generally,  is  amply  accurate.  We  pro- 
ceed as  follows:  Suppose  we  have  a  straight  horizontal  load  line,  as  is 
practically  the  case  in  most  bridges.     On  a  vertical  we  carefully    lay 


440  BRIDGE    CALCULATION. 

■off  successiv'e  distances  proportional  to  the  successive  deflection 
-angles,  preferably  by  adding  the  figure  values  of  the  angles  to  one 
side  and  j^lotting  the  sums  all  from  one  point,  to  avoid  the  accumiila- 
tion  of  errors.  Now,  if  lines  were  drawn  from  these  points  to  a 
point  at  a  suitable  (great)  distance,  the  angles  between  them  would  be 
the  deflection  angles.  Instead,  we  take  a  comparatively  near  point  or 
'pole,"  by  which  the  tangents  of  the  angles  are  multiplied  in  a 
-corresponding  degree,  and  draw  radiating  lines  to  the  set  of  points. 
Now,  parallel  to  these  lines  from  the  jjole,  we  draw,  from  panel  vertical 
to  panel  vertical  of  the  load  line,  lines  of  the  deflection  curve,  which 
is  thus  at  once  obtained  on  the  exaggerated  scale.  We  have  only  to 
note  on  this  curve  the  points  of  no  deflection,  draw  straight  lines 
through  them,  and  from  these  measure  the  deflections.  They  will  be 
the  desired  deflections  to  the  exaggerated  scale. 

Thus,  let  1,  2,  3,  4,  5,  6,  7,  8  (Fig.  14)  be  the  panel  points  of  the  load 
line,  and  let  1',  2',  3',  4',  5',  6',  7',  8'  be  proportional  to  the  deflection 
angles  at  these  lioints.  Let  P,  at  a  convenient  distance,  be  taken  as  a 
pole  and  by  its  aid  the  curve  (polygon),  1"  2"  3"  4"  5"  6"  7"  8",  be 
•drawn  with  its  sides  ("  strings  ")  parallel  to  the  corresponding  "rays  " 
from  P.  This  curve  will  be,  to  an  exaggerated  scale,  the  deflection 
curve  sought.  Let  the  points,  0  and  6,  of  the  load  line  be  points  of  no 
deflection ;  then  the  actual  deflections  must  be  measured  from  the  line, 
i)"  6",  to  the  points  of  the  deflection  curve.  Questions  of  scale  must 
be  carefully  looked  into,  of  course,  but  this  is  a  matter  of  detail  for 
Avhich  we  are  not  warranted  in  taking  space  here. 

This  completes  the  descrii^tion  of  the  general  method  to  be  pur- 
.sued  in  the  complete  determination  of  the  rejjlacing  forces  for  all 
load  points.  Let  us  briefly  note  what  this  work  w^as  in  the  cases  of 
the  Manhattan   and  the  Blackwell's  Island  Bridges. 

In  the  case  of  the  Manhattan  Bridge  we  had  the  value  of  but  one 
replacing  force  to  determine  for  each  load  point,  namely,  the  value  of 
the  "horizontal  component."  Cutting  the  anchor  chain  and  applying 
a  pair  of  tensions,  of  unity  horizontal  component,  to  the  cut  ends,  a 
set  of  stresses  (and  therefore  strains)  resulted,  which  we  have  already 
noted,  and,  consequently,  a  certain  deflecticm  curve  of  the  load  line. 
This  was  found  by  determining,  first,  the  distortion  angles  of  each  of 
the  triangles  which  formed  the  trusses,  resulting  from  the  strains  due 
to  unity  horizontal  component,  a  Williot  polygon    being  drawn    for 
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each  triangle.  Thence  the  deflection  angles  of  the  bottom  chords 
were  found  by  simple  summation  of  the  distortion  angles  at  each 
joint.  Thence  the  deflection  curve  of  the  bottom  chord  was  found, 
which  would,  be  the  same,  in  this  case,  as  that  of  the  load  line.  But, 
as  the  bottom  chord  was,  in  some  parts,  neither  practically  straight, 
nor  horizontal,  it  was  necessary  that  certain  small  con-ections  (equal 
in  each  panel  to  the  vertical  component  of  the  shortening  of  the 
chord  bar  in  that  panel)  be  added  to  the  deflections  which  were 
found  solely  from  the  deflection  angles  as  hitherto  described.  The 
final  result  was  a  load-line  deflection  curve  for  each  of  the  side  spans 
and  the  center  span,  whose  ordinates  were  strictly  proportional  to  the 
value  of  the  horizontal  comiionent  in  the  bridge  due  Lo  load  of  unity 
at  those  points.  Dividing  these  ordinatco  by  the  sej^aration  of  the  cut 
ends  of  the  anchor  chain,  which  unity  horizontal  component  would 
overcome,  previously  analytically  determined,  the  actual  values  of  H 
for  load  unity  at  the  various  pane]  points  were  obtained.  These  values, 
plotted,  gave  what  is  known  as  the  "  .ff  curve"  or  "influence  line" 
for  H,  which  is  shown  in  the  illustrations  for  the  influence  lines. 

In  the  case  of  the  Blackwell's  Island  Bridge  the  procedure  was 
quite  similar,  but  a  trifle  less  simple,  for  there  were  two  indeter- 
minate forces  to  consider.  The  deflection  angles  and  curves  were 
determined,  as  before,  for  eacb  main  panel  point,  and  for  unity  pull 
at  the  end  of  each  cantilever  arm.  Now,  the  left  rocker  arm  alone 
being  supjjosed  cut,  and  a  pair  of  equal  and  opi:)osite  pulls  of  unity 

applied  to  the  cut  ends,  a  certain  consequent  stress,  -^j ,  resulted  in 

the  right  rocker  arm,  and  the  actual  deflections  were  as  follows:  For 
the  Manhattan  truss,  those  due  to  unity  upward  pull  at  the  left  rocker 
arm;  for  the  Blackwell's  Island  truss  those  due  to  unity  downward 

{PA  jj 
pull  on  the  left  rocker  arm  plus  those  due  to     „  on 

i^L)  L 

rocker  arm;  and,   finally,   for  the  Queens  truss,   those  due  to     „ 

upward  pull  on  the  right  rocker  arm.  The  influence  line  ordinates 
of  the  left  rocker  arm  stress  were  proportional  to  these  ordinates, 
and  since  the  actual  values  for  load  unity  at  the  left  and  the  right 
rocker  arm  points  were  (P^)  ^  and  (Pj^)  l'  all  other  values  thence 
followed  at  once.     The  procedure  foi*  the  influence  line  for  the  right 
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rocker  arm  stress  was  entirely  similar,  but  was  here  based  on  unity 

ip   \ 
pull  on  the  right  rocker  arm  and  —^ — -  on  the  left  rocker  arm. 

{Pr)r 

This,  in  brief,  covers  the  work  necessary  for  the  full  determina- 
tion of  the  replacing  forces  or  the  "indeterminate  elements,"  as  they 
are  somewhat  contradictorily  called.  From  this  point  any  usual 
methods  of  calculation  become  applicable,  but  the  writer  desires  to 
insist  on  the  advantages  of  continuing  the  work  of  actual  calcula- 
tion by  the  use  of  influence  lines,  as  was  done  in  the  two  cases 
here  described.  There  are  also  certain  important,  although  simple, 
modifications  of  the  influence  line  method,  here  used,  which  are 
worth  a  little  further  description  and  the  serious  consideration  of  all 
who  may  ever  undertake  such  work. 

It  may  be  assumed,  of  course,  that  all  are  familiar  with  the  nature 
of  influence  lines  and  their  use,  but,  for  completeness,  we  may  here  de- 
scribe an  influence  line  as  one,  plotted  from  a  given  base  line,  which 
•corresponds  to  the  load  line  of  the  structure,  with  ordinates  at  each 
point  of  this  base  line  equal  (or  proportional)  in  value  to  the  influence 
of  a  load  of  unity  at  the  corresponding  point  of  the  load  line  of  the 
structure,  on  the  jjart  or  member  to  which  the  influence  line  refers. 
The  "  influence"  in  question  is  ordinarily  the  stress  at  the  part  or  in 
the  member  concerned,  but  it  might  as  well  be  a  strain  or  a  dis- 
lilacement. 

It  will  be  assumed  here  that  the  reader  is  familiar  wdth  the 
methods  of  drawing  and  checking  normal  influence  lines  of  statically 
•determined  structures,  which  are  ordinarily  composed  of  not  more 
than  three  or  four  straight  lines.  We  will  therefore  consider  only 
influence  lines  for  statically  indeterminate  structures. 

The  normal  influence  line  of  a  statically  indeterminate  structure, 
often  referred  to  as  a  curve  because  it  is  made  up,  at  most,  of  straight 
lines,  from  jianel  point  to  panel  point  only,  may  be  drawn  by  con- 
structing first  the  simple  influence  line  of  the  part  concerned  for  the 
statically  determined  structure  formed  when  the  superfluous  restraints 
are  supposed  removed  and  the  superfluous  bars  cut.  To  each  ordi- 
nate of  this  line  may  then  be  added  (algebraically)  the  influences  of 
the  replacing  forces  on  the  part  concerned,  for  load  unity  at  the  point 
•of  the  structure  corresponding  to  that  of  the  influence  line  for  which 
the  ordinate  is  being  determined.     For  this  purpose  we  should  first 
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prepare  an  iiiflutnee  line  of  each  of  tlie  replacing  forces,  as  i^reviously 
explained,  and  a  diagram  or  table  for  each  of  the  replacing  forces, 
giving  the  "  influence  "  of  the  replacing  force,  when  of  unity  value, 
on  each  part  of  the  reduced  statically  determined  structure.  These 
diagrams  or  tables  would  give  the  values  of  the  stresses,  S',  previously 
mentioned,  and  so  would  already  be  at  hand.  The  figuring  of  the 
"replacing  forces  corrections"  of  the  statically  determined  influence 
line  of  a  given  part,  then,  simply  involves  multiplying  the  ordinate 
of  the  influence  line  of  each  replacing  force  at  the  load  point  for 
which  we  are  determining  the  ordinate,  by  the  value  of  the  "influ- 
ence "  of  that  replacing  force  on  the  part  whose  influence  line  we  are 
constructing,  as  shown  by  the  diagram  or  table,  and  summing,  alge- 
braically, the  corrections  thus  found  for  all  the  replacing  forces. 
Nothing  further  is  essential  in  this  conneclion;  but  we  may  note  an 
important  variation  on  the  ordinary  influence  line,  which  it  is  often 
or  usually  desirable  to  introduce.  Instead  of  making  up  the  ordi- 
nates  of  the  final  influence  line  by  adding  (algebraically)  these  replac- 
ing force  corrections  to  the  ordinates  of  the  "  statically  determined 
influence  line,"  we  may  lay  ofi"  these  corrections  from  the  base  line  in 
the  opposite  sense,  so  that  the  ordinates  between  the  line  thus  ob- 
tained and  the  statically  determined  influence  line  will  have  the  final 
or  total  values.  The  correction  line  thixs  becomes,  practically,  the 
zero  or  base  line. 

When  we  have  several  replacing  forces  all  influencing  a  given  part, 
this  is  about  as  far  as  we  can  go  in  simplifying  the  work  of  construct- 
ing the  influence  lines.  The  use  of  these  lines  (when  once  constructed) 
gives  at  once  the  kind  and  amount  of  the  influence  of  a  load  of  unity 
at  any  point  of  the  load  line,  and  so  permits  us  to  determine  at  once 
where  and  how  to  place  the  loads  for  influence  of  a  given  sign  (in  par- 
ticular, what  loading  to  use  for  maxima  and  minima),  and,  then,  to 
determine,  by  simple  multiplication  of  each  load  into  its  correspond- 
ing influence  line  ordinate,  and,  by  algebraic  summation  of  the 
j^roducts,  the  consequent  total  influence.  But  in  many,  if  not  most 
cases,  we  have  only  one  replacing  force  and,  therefore,  only  one 
replacing  force  correction  concerned  with  the  part  in  question.  Here 
a  more  brief  and  simple  procedure  becomes  applicable,  which  may 
bo  called  the  method  of  distorted  influence  lines.  If,  under  these 
circumstances,  we  proceeded  in  the  ordinary  manner,  biit  plotted  the 
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replacing  force  correction  line  as  a  zero  or  base  line,  as  already  de- 
scribed, this  correction  line  would  differ  from  the  influence  line  of  the 
replacing  force  only  in  having  its  ordinates  different  in  a  fixed  pro- 
portion, that  of  the  "  influence  "  of  unity  value  of  the  replacing  force, 
on  the  part  in  question,  or  the  influence  coefficient.  Instead,  then, 
of  calculating  the  ordinates  of  and  plotting  the  replacing  force  cor- 
rection line,  we  may  more  easily  reduce  the  statically  determined 
influence  line  by  dividing  its  ordinates  by  the  influence  coefficient 
and  plotting  it  in  connection  with  the  replacing  force  influence 
line.  Then  it  combines  with  that  influence  line  exactly  as  the  nor- 
mal statically  determined  influence  line  and  the  reijlacing  force  cor- 
rection line  would  combine  to  give  the  true  influence  ordinates, 
except  that  the  ordinates  here  are  all  reduced  by  division  by  the 
influence  coefficient.  But  points  of  zero  influence  are  given  pre- 
cisely as  before,  and  the  use  of  the  distorted  influence  line  is  pre- 
cisely the  same  and  yields  precisely  the  same  results  as  does  the  use 
of  the  normal  line,  except  that  all  ordinates  and,  therefore,  all  areas 
must  be  multiijlied  by  the  influence  coefficient  to  give  the  true 
results. 

But  what  is  the  advantage  of  this  procedure?  First,  if  there  were 
but  the  single  part  we  are  considering,  to  which  to  apply  the  method 
(since  we  already  have  the  influence  line  of  the  replacing  force,  and 
the  statically  determined  influence  line  of  our  jjart  is  comparatively 
very  simple),  it  is  much  easier  to  reduce  the  statically  determined 
influence  line  of  our  part  to,  and  combine  it  with,  the  replacing  force 
influence  line  than  to  follow  the  reverse  procedure.  But,  generally, 
the  part  is  but  one  of  many,  all  requiring  similar  treatment,  and,  since 
all  of  them  can  have  their  distoi-ted  statically  determined  influence 
lines  plotted  in  combination  with  the  one  replacing  force  influence 
line,  the  advantage  rapidly  increases  in  proportion  to  the  number  of 
parts  calling  for  treatment.  And  the  saving  of  time  and  labor  shows, 
not  alone  in  plotting  the  influence  lines,  but  even  more  in  their  sub- 
sequent use,  in  the  determination  of  areas.  The  saving  in  the  cases 
of  the  Manhattan  and  the  Blackwell's  Island  Bridges  from  the  use 
of  distorted,  instead  of  normal,  influence  lines  was  enormous.  And 
the  complication  thus  introduced  was  insignificant. 

Consider  our  two  illustrations.  In  the  case  of  the  Manhattan 
Bridge  the  replacing  force  was  the  stress  in  the  cut  anchor  chain,  or. 
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rather,  its  horizontal  comiiouent.  The  influence  line  for  this  (or  the 
H  curve  as  it  is  called)  was  determined  once  for  all  and  plotted  but 
four  times  —on  the  sheet  of  top  chord  influence  lines,  on  that  of  bottom 
chords,  on  that  of  verticals,  and,  finally,  on  that  of  diagonals.  Then 
the  distorted  statically  determined  influence  lines  were  drawn.  Those 
for  the  bottom  chords  were  exceedingly  simple  and  regular.  Those 
for  the  other  members  presented  no  real  difficulties.  The  appearance 
of  the  four  resulting  sheets  of  influence  lines  can  be  seen  from  Figs. 
3,  4,  5  and  6.  One  other  feature  of  this  case  may  be  noted.  The 
H  line  for  a  three-hinged  design,  with  center  hinge  at  the  top 
chord,  was  also  drawn,  making  all  influence  lines,  with  respect  to  it, 
influence  lines  for  a  three-hinged  design.  All  the  distorted  statically 
determined  influence  lines  were  tested,  first  by  the  usual  tests,  on  the 
supposition  of  three  simple  spans.  They  were  then  tested  in  connec- 
tion with  the  i71ine  for  the  three-hinged  design.  Finally,  all  calcula- 
tions were  made  first  for  the  three-hinged  design,  and  the  final  correc- 
tions were  those  for  the  center  bottom  chord  stress  as  a  replacing 
force,  instead  of  the  anchor-chain  horizontal  comi)ouent.  This  made 
the  indeterminate  corrections  much  smaller,  and  therefore  easier  to 
determine  for  the  same  degree  of  accuracy.  It  also  furnished  a 
set  of  maxima  and  minima  stresses  for  the  three-hinged  design,  as  well 
as  for  the  two-hinged  design,  the  comparison  of  which  may  be  made 
from  the  stress  sheets  for  loading  of  1  000  lb.  i^er  ft.  given  in  Figs. 
9  and  11. 

In  the  case  of  the  Blackwell's  Island  Bridge  the  replacing  forces 
were  the  stresses  in  the  so-called  "  rocker  arms. "  Except  for  members 
of  the  center  span  of  the  Blackwell'^  Island  truss,  the  stresses  in  the 
members  were  made  up  of  a  statically  determined  comijonent  and  but 
one  rocker  arm  correction.  The  entire  Manhattan  truss  and  the  Man- 
hattan cantilever  of  the  Blackwell's  Island  truss  involved  only  the 
left  rocker  arm  stress  correction.  The  influence  line  for  the  left 
rocker  arm  (indicated  by  a  dash  and  one  dot)  having  been  found,  all 
statically  determined  influence  lines  of  these  i)ortions  were  distorted 
to  combine  with  this  rocker  arm  influence  line,  and  the  results  are 
seen  (some  details  excepted)  in  the  left-hand  portions  of  the  distorted 
influence  line  sheets  (Figs.  13,  15  and  16j.  The  right-hand  portions 
show  the  corresponding  distorted  influence  lines  for  the  Queens 
truss   and   the    Queens    cantilever    of   the  Blackwell's   Island    truss. 
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based  upon  the  riglit  rocker  arm  stress  (whose  influence  line  is 
indicated  by  a  dash  and  two  dots).  The  distorted  influence  line  of 
V-ig  is  enlarged  and  shown  separately  in  Fig.  17.  The  center  span 
of  the  Blackwell's  Island  truss,  involving  a  correction  to  the  statically 
determined  component  from  each  rocker  arm,  requires  a  special 
rocker  arm  correction  curve  to  be  calculated  for  each  member,  to  give 
the  true  influence  for  each  load  point.  But  this  was  not  actually 
necessary  in  the  calculations.  Normal  influence  lines  were  used  here 
(see  Figs.  18  and  19). 

This  completes,  in  brief  form,  the  description  of  the  essential 
features  of  the  methods  used  in  making  the  check  stress  calcula- 
tions. Much  has  been  omitted  which  would  have  been  pertinent  and 
interesting  were  this  a  description  of  the  actual  work,  instead  of  the 
methods,  simply, — as,  for  instance,  the  treatment  of  certain  special 
cases,  many  labor-saving  devices,  the  nature  of  the  checks  introduced 
to  guard  against  error  and  verify  the  conclusions,  and,  finally,  the 
numerical  values  themselves  and  all  that  might  result  from  their  dis- 
ciission.  But  all  this  would  have  exceeded  the  original  scope  of  this 
jiaper  and  only  distracted  attention  from  its  ends.  Beyond  mention- 
ing that  all  the  results  were  checked  \»y  the  writer  by  independent 
methods  and  calculations  which  gave  exceedingly  close  agreements, 
the  writer  considers  it  desii'able  to  reserve  all  such  matter  for  some 
future  occasion. 
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By   Charles  Hekmany,  President,   Am.  Soc.  C.  E. 


1. — The  Annual  Convention  of  the  American  Society  of  Civil  En- 
gineers is,  under  provision  of  the  Constitution,  to  be  opened  by  an 
address  from  its  President. 

The  great  number  of  important  papers  which  are  to  be  presented 
to  the  International  Engineering  Congress  has  caused  the  customary 
annual  retrospection  of  Engineering  to  be  omitted  in  this  address  and 
the  substitution  therefor  of  a  brief  retrospection  of  the  Profession  in 
general,  as  an  appropriate  proceeding  in  opening  this  Convention. 

2. — In  January,  1904,  when  the  speaker  was  elected  President,  the 
question  as  to  the  American  Society  of  Civil  Engineers  joining  in  the 
enterprise  of  a  Union  Engineering  Building  in  the  City  of  New  York 
was  one  of  absorbing  interest  among  the  members.  It  was  discussed 
with  an  interest,  earnestness  and  thoroughness  greater  than  given  to 
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any  other  question  that  was  ever  before  the  Society.  The  engineering 
journals  and  the  public  press  joined  in  the  discussion  to  an  unprece- 
dented extent  in  a  purely  professional  policy  measure. 

3. — In  the  discussion,  the  limitation  and  comprehensiveness  of 
definition  pertaining  to  the  profession  of  Engineering  were  variously 
and  conflictingly  indulged  in,  but  with  benefit  to  the  several  dis- 
tinctive branches  thereof.  The  title  of  Civil  Engineer  was  scriitinized 
with  more  than  search-light  penetration,  as  also  with  an  apparent 
logical  exactitude.  The  involution  of  the  profession  and  its  differen- 
tiations into  many  notable  specialties  were  recognized,  but  there  was 
great  variance  of  opinion  expressed  upon  the  question  as  to  whether 
the  specialties  were  evolutions  from  the  parent  society  into  separate 
organizations,  or  whether  they  were  still  in  the  family  and  under  its 
fostering  care  and  protection.  It  is  believed  that  the  decision  arrived 
at  by  the  Civil  Engineers  was  wise,  and  that  it  is  generally  acquiesced 
in  by  the  members,  though  by  some  the  opinion  seems  to  be  enter- 
tained that,  through  polytechnic  school  curricula  and  the  constant 
broadening  of  the  field  of  engineering,  differentiations  will  continue 
which  will  result  in  such  classification  as  will  ultimately  approximate 
a  standardization  of  professional  work. 

4. — At  that  time  the  resolution  was  made  to  attempt,  in  this  ad- 
dress, a  review  of  the  fundamental  principles  which  underlie  the 
profession,  what  relation  it  bears  to  the  body  politic,  and  what  are 
the  endowments,  intellectual  culture  and  accomplished  work,  upon 
which  its  claims  as  a  distinctive  modern  profession  are  based,  as 
deduced  from  the  reading,  observation,  experience  and  reflection  of 
one  member, 

5. — The  American  Encyclopaedic  Dictionary  defines  Engineer  as 
"  A  person  of  genius  or  ingenuity."  This  definition  names  the  primal 
personal  qualities  of  an  Engineer;  it  does  not  imply  a  profession,  but 
may  be  regarded  as  the  root  thought  from  which  has  grown  the  generic 
term  Engineer.  If  "A  person  of  genius  or  ingenuity  "  is  the  lowest 
rung  in  the  professional  ladder,  no  one  has  yet,  from  the  i)resent  top 
rung,  traced  him  historically  down,  rung  after  rung,  to  the  lowest  im- 
plied in  this  definition.  The  profession  of  Architecture  is  historically 
more  fortunate  in  this  respect,  for  it  can  be  traced  back  through  the 
ages  into  Greek  history,  where  we  find  "  Archi,"  chief,  and  '^  teklon," 
carpenter,  or  "Chief  Carpenter"  as  the  origin  of  the  present  title 
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Architect.  From  this  first  distinct  type,  up  to  the  present  Architect, 
through  all  the  art  and  science  involved  in  his  development,  there  is 
not  found  a  broken  link  in  the  chain.  Such  connected  or  successive 
development  cannot,  at  jjresent,  be  intelligibly  predicated  in  support 
of  the  Engineer.  His  involution  seems  to  be  the  jiroduct  of  many 
irregular  or  variable  factors,  the  connection  between  which  seems 
vague  and  undefined. 

6. — In  the  summer  of  1854,  fifty  years  ago  this  past  summer,  there 
was  in  the  city  of  Cleveland,  Ohio,  a  newly  constructed  office  building, 
the  rooms  on  the  second  floor  of  which  were  occui>ied,  as  offices,  by  doc- 
tors, lawyers,  architects  and  engineers.  With  one  of  the  latter  I  was 
then  connected.  Adjoining  our  office  was  a  suite  of  rooms  occui^ied  by 
a  firm  of  lawyers,  with  which  there  was  connected  a  college  graduate 
serving  in  the  capacity  of  clerk,  who,  at  convenient  times,  read  law. 
There  sprang  up  an  intimacy  between  us  through  mutual  calls  upon 
each  other,  during  which  interchange  of  neighborly  courtesies  we  dis- 
cussed various  matters,  including  the  professions  of  law  and  engineer- 
ing. Whenever  engineering  was  the  topic,  the  law  student  evinced 
much  interest,  but  he  seemed  at  times  apparently  disturbed  at  the 
thought  that  Engineers  should  presume  to  occupy  quarters  on  the 
same  floor  and  next  door  to  those  occupied  by  those  of  the  learned 
professions.  But  he  was  civil,  though  not  an  engineer,  and  in  part 
succeeded  in  subordinating  his  perturbation  to  the  proprieties  of 
neighborliness  and  gentlemanly  deportment.  After  a  lapse  of  several 
months,  during  which  our  relations  were  most  friendly,  he  one  even- 
ing seemed  to  be  unusually  interested  in  the  profession  of  Engineer- 
ing and  asked  questions  most  difficult  to  answer.  I  responded  to  the 
best  of  my  ability,  and  talked,  perhaps,  more  freely  than  wisely,  when, 
apparently  in  great  relief,  he  broke  forth,  by  sententiously  saying, 
"An  Engineer  is,  then,  after  all  is  said  and  done,  nothing  but  an  edu- 
cated mechanic."  I  understood  his  remark  as  a  trifle  dogmatic,  or  as 
coming  from  a  man  who  had  hitherto  suppressed  the  feeling  which 
afflicted  the  Pharisee  who  is  reported  to  have  prayed  in  the  Temple, 
but  this  did  not  develop  in  me  a  publican  on  the  steps;  there  was  no 
contrition  in,  nor  smiting  of,  my  breast.  I  thanked  him  for  the  quali- 
fying adjective,  "  educated,"  and  added  that  the  same  rule  of  defi- 
nition applied  to  the  lawyer  would  make  him  only  a  joundit  in  the 
profession  of  law.     Our  roads  had  forked,  and  then,  although  it  was- 
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an  amicable  grade-crossing,  the  law  of  gravitation  asserted  itself  audi- 
bly in  our  future  jirofessional  transits.  This  law  student's  definition 
of  Engineering,  though  not  wholly  incorrect,  had  a  narrow  range, 
although  he  was  a  man  of  high  endowments  and  notable  scholarly 
attainments.  He  was  the  son  of  the  Keverend  Charles  G.  Finney,  then 
of  Oberlin,  Ohio. 

7. — Robert  Bawlinson's  definition,  given  more  than  fifty  years  ago, 
was  as  follows  :  "To  study  precedent,  to  learn  from  experience  and 
to  correct  from  practice,  are  the  chief  duties  of  an  Engineer,"  the  cor- 
rectness of  which  cannot  be  seriously  questioned,  but  to  contend  that 
it  is,  at  the  present  day,  applicable  to  the  profession  at  large,  rather 
than  to  members  of  attainments  in  limited  fields  of  practice,  would  be 
claiming  too  much  for  it. 

8. — John  Millington,  at  one  time  Professor  of  Mechanics  and  Civil 
Engineering  in  the  Royal  Institution  of  Great  Britain,  afterward 
Engineer  in  charge  of  a  silver  mining  comjiany  in  the  State  of  Mexico, 
and  later  Professor  of  Chemistry,  Natural  Philosophy  and  Civil  Engi- 
neering in  William  and  Mary  College,  Va.,  published  in  1839, 

"  Elements 

OF 

Civil  Engineebing, 
Being  an  .\ttempt  to  consolidate  the  principles 

OF  THE  various  OPERATIONS 
OF  THE 

Civil  Engineer  into  one  point  of  view." 

However  ambitious  and  praiseworthy  such  an  effort  may  be  con- 
sidered to  have  been,  it  was,  nevertheless,  a  Utopia  never  to  be 
realized. 

This  manual  was  an  octavo  volume  comprising  716  pages.  It  was 
largely  devoted  to  definitions,  and  (excepting  Professor  Mahan's  Ele- 
mentary course  of  Civil  Engineering)  was  the  first  notable  contribution 
to  engineering  literature  in  the  United  States  of  America.  The 
student  of  engineering  may,  even  at  this  day,  read  it  with  both  interest 
and  instruction. 

9. — The  EncycloiJedia  Britannica  (Ninth  Edition)  devotes  a  single 
jjaragraph  of  thirteen  short  lines  to  its  definition  of  Engineering. 
This  great  reijository  of  learning  may,  therefore,  from  this  viewpoint, 
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be  charged  with  having  slighted  a  great  profession  with  a  modicum  of 
recognition  in  the  unlucky  number,  thirteen.  In  a  compendium  of 
such  pretended  profundity,  this  shortcoming  is  apparently  an  inex- 
plicable blemish,  though  written  in  a  language  in  which  engineering 
literature  is  as  extensive  and  rich  as  in  any  modern  tongue. 

10. — The  Charter  of  the  English  Institution  of  Civil  Engineers 
defines  Civil  Engineering  as  "The  art  of  directing  the  great  sources 
of  power  in  Nature  for  the  use  and  convenience  of  man."  If  this  were 
written  "To  use  the  sources  of  power  in  Nature,"  it  would  include 
all,  great  and  small.  To  substitute  the  verb,  use,  for  the  verb,  direct, 
would  be  nearer  correct.  Direct  implies  authority  ;  use,  permission. 
Direct  seems  too  broad,  for  the  sources  of  power  in  Nature  cannot  be 
directed  by  man  ;  they  can  be  availed  of,  drawn  upon,  made  use  of, 
for  transformation  and  service  to  man,  but  as  sources  they  are  so 
established  in  Nature  as  to  be  not  subject  to  direction  by  man.  In  a 
physical  or  material  sense,  the  Engineer's  sources  of  power  in  Nature 
are  apparently  limited  to  Animals,  Gravity,  Heat,  Magnetism  and 
Electricity  ;  the  minor  sources  seem  to  be  but  transmutations  of 
these,  the  primal  sources,  at  least  to  the  extent  to  which  the  present- 
day  Engineer  is  concerned,  or,  in  his  limited  capacity,  can  avail  of 
them. 

This  view  of  the  English  definition  seems  to  be  warranted  by  the 
citation  of  the  following  well-known  phenomena: 

First. — By  mechanism  we  cause  gravity  to  vibrate  a  pendulum  at 
intervals  of  a  second  of  time  in  a  clock,  using  the  force  of  gravity  to 
measure  time,  in  primal  units. 

Second. — By  mechanism  we  transform  heat  into  mechanical  energy, 
the  last  manifestation  in  one  case  at  least  is,  weight  and  velocity,  as 
in  the  fall  of  a  pile-hammer,  a  transformation  of  heat  into  gravity. 

Third. — By  a  simple  mechanism,  the  magnetic  needle  guides  the 
mariner  across  the  uncharted  oceans  in  comparative  security. 

Fourth. — By  a  train  of  mechanism,  the  last  member  of  which  is  a 
carbon  loop,  we  generate  electricity  and  transform  it  into  heat  and 
light. 

But  in  all  these  transformations  we  do  not  direct  the  source  of 
gravity,  the  source  of  heat,  the  source  of  magnetism,  or  the  source  of 
electricity;  we  simply  make  use  of  them  for  specific  purposes,  without 
directing  their  sources. 
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11. — The  Constitution  of  the  American  Society  of  Civil  Engineers 
requires  in  candidates  for  membership,  "  The  ability  to  design  as  well 
as  direct  engineering  works,"  which  definition  is  simple,  broad  and 
comprehensive.  "Design  and  direct "  is  the  essence  of  simplicity, 
yet  sufficient  to  comprise  everything  needful  to  conceive,  construct 
and  complete  an  engineei'iug  work.  It  opens  a  field  of  absolute  free- 
dom to  enter,  unhampered  by  academic  embellishments  or  dogmatic 
restrictions.  The  man  who  enters  this  field  must  do  so  prepared  to 
contend  for  the  prize  of  jirominence,  by  making  use  of  all  the  sources 
of  jiower  in  Nature  which  are  requisite  to  achieve  the  success  which 
Engineering  implies  and  involves. 

12. — To  recapitulate  these  seven  definitions  in  the  English  language, 
it  is  deemed  proper  to  say  of  them  that: 

The  American  Cyclopaedic  Dictionary's  definition  is  the  radical 
concept  of  the  Engineer's  personal  bias  or  quality. 

The  law  student's  comprehends  the  subject  only  in  part. 

Robert  Eawlinson's  is  too  circumscribed. 

John  Millington's  Utopia  is  unattainable. 

The  Britannica's  definition  is  too  limited  and  illiberal. 

That  of  the  English  Institution  goes  to  the  heart  of  the  matter,  but 
is  partly  erroneous. 

The  American  Society's  is  too  broad  and  simjile  for  adverse 
•criticism. 

13. — With  this  summary  and  review  of  definitions,  one  is  led  to  an 
enumeration,  analysis  and  classification  of  the  powers  in  Nature 
which  are  perhaps  the  special  heritage  of  the  members  of  our  profes- 
sion. These  sources  of  power  are  here  enumerated  in  the  historical 
order  in  which  the  Engineer  has  drawn  upon  them  for  the  use  and 
convenience  of  man. 

The  first  source  of  power  is  the  will  and  intellect  of  man  made 
manifest  through  his  anatomy;  the  second  is  the  will,  intelligence 
and  docility  of  the  trained  domestic  animals,  disi)layed  through  their 
anatomies;  the  third  is  gravitation,  the  inexhaustible  repository  of 
■  ever-acting  and  imperishable  force;  the  fourth  is  heat,  with  its  end- 
less differentiations;  the  fifth  is  magnetism,  that  early  experienced  but 
least  definable  source  of  power  in  Nature;  and  the  sixth  is  electricity, 
with  its  wonderful  and  innumerable  adaptations.  These  six  may  be 
legarded  as  the  primal  sources  of  power  in  Nature  at  present  ai^pre- 
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lienclecl  and  drawn  upon  by  tlie  Engineer,  of  wbicli  sources  all  forms  of 
power  are  but  transmutations  produced  by  the  interaction  of  the 
principal  sources  and  the  agency  of  man. 

14. — The  before-mentioned  seven  definitions  and  six  soiirces  of 
power,  taken  collectively,  may  be  assumed  as  comprising  the,  at  the 
Ijresent  day,  scope  of  engineering,  expressed  in  its  achievement  and 
literature.  To  announce  or  phrase  all  this  in  a  simple  sentence  were 
to  exhaust  the  resources  of  any  language,  or  to  symbolize  it  by  an 
ideal  figure,  as  is  Justice  by  Libra  in  the  hands  of  a  blindfolded  God- 
dess, were  a  desideratum  devoutly  to  be  wished,  one  that  would  con- 
fer immeasurable  benefit  upon  the  profession,  for  correct  apprehen- 
sion of  principles  and  their  clear  annunciation  form  the  starting  point, 
whence  alone  success  is  attainable. 

15. — The  primal  subdiTisions  of  an  Engineer's  work  consist  of 
mental  concepts  of  enterprises  the  jirosecution  of  which  necessitates 
the  employment  of  many  agencies,  animate  and  inanimate,  which 
miist  operate  contemporaneously,  if  not,  in  a  measure,  simultane- 
ously. 

To  marshal  these  agencies  into  a  co-operative,  active,  artificial 
organism,  requires  three  fundamental  qvialifications: 

The  study  and  mastership  of  mechanics  as  the  science  that  con- 
stantly and  imperatively  guides  and  controls  him  in  his  successful 
enterprises. 

The  acquirement  of  the  art  of  mechanism,  without  which  none  of 
his  enterprises  can  come  to  successful  issue,  however  well-grounded 
in  the  science  of  mechanics. 

The  possession  of  administrative  capacity,   which   combines  me- 
chanics, mechanism  and  government,  which  make  the  man  of  affairs. 
Without  this  latter  accomplishment,  many  otherwise  capable  Engi-. 
neers  fail  in  scoring  the  siiccess  due  to  their  strictly  professional  at- 
tainments. 

16. — A  given  state  of  civilization  among  a  peojole  makes  desirable 
and  jjossible  great  enterprises  for  promoting  and  continuing  an  unin- 
terrupted development  of  such  civilization,  the  primal  law  of  which 
is  progress  or  involution.  The  Engineer's  province  in  this  work  is 
concerned  largely  with  the  physics  which  enter  into  the  jDroblem. 
His  philosophy  of  civilization  must  be  such  as  to  have  taught  him 
correctly  what  is  needful  and  possible.     In  engaging  in  any  one  of  its- 
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enterprises  his  conceptions  must  be  correct,  minute  and  comprehen- 
sive; he  must  be  abreast  or  ahead  of  the  times  in  which  his  enterprise 
is  to  materialize.  Such  conception  means  concentration  and  abstrac- 
tion of  mental  processes  of  the  utmost  tense,  compared  with  which 
diligence  is  as  the  temperature  of  the  dewpoint  is  to  solar  heat.  It 
constitutes  an  incandescence  of  vitality  that  implies  the  will,  the  intel- 
lect and  the  anatomy  of  a  robust  manhood.  This  accomplishment 
proceeds  largely  from  heredity  or  natural  endowment  and  is  supple- 
mented by  training  and  culture. 

17. — Mechanics  is  the  law  in  accordance  with  which  an  engineering 
concejit  miist  be  formulated,  in  order  that  it  may  constitute  a  physically 
logical  scheme — a  practicable  enterprise;  it  is,  in  brief,  the  law  accord- 
ing to  which  forces  in  Nature  must  be  used  in  the  province  of  Engi- 
neering. In  simple  terms,  the  science  of  mechanics  is  the  philosophy 
of  Engineering,  and  to  the  extent  of  his  mastershijo  in  this  science, 
the  Engineer  is  qualified  to  materialize  his  concepts.  It  teaches  him 
the  scope  and  limits  of  his  enterprises  and  how  to  discriminate  cor- 
rectly between  the  possible  and  the  impossible.  It  constitutes  a  court 
of  final  resort  in  which  his  causes  are  physically  adjudicated,  whence 
no  appeal  is  ever  permitted  and  where  immutable  law  dominates.  In 
its  dominion  he  is  ever  a  subject,  but  never  a  sovereign,  though  he 
were  a  Hercules  or  a  Demi-god.  In  the  study  and  practicable  appli- 
cation of  mechanics,  mathematics  is  the  philosopher's  stone,  which 
enables  the  Engineer  to  transmute  force,  not  into  gold,  but  into  the 
service  of  man,  which  is  better  than  gold. 

18. — Mechanism  intervenes  between  all  the  uses  of  power  and  their 
results.  As  an  art,  it  ranks  second  to  mechanics  as  a  science.  The 
former  is  the  result  of  man's  eflbrts,  while  the  laws  of  the  latter  are 
fixed  in  Nature;  the  former  depends  upon  man,  the  laws  of  the  latter 
are  independent  of  man.  The  manifest  differentiations  of  Nature  un- 
doubtedly suggested  to  man  Mechanism,  yet  Nature  i^rovides  nothing 
that  takes  the  place  of,  or  supplants,  man's  mechanism  in  engineering. 
Mechanism  is  ever  mutable  Avhile  Mechanics  is  ever  immutable,  yet 
theii-  interrelation  is  so  constant  as  to  make  analysis  well  nigh  im- 
possible. In  man's  development,  Mechanism  antedates  Mechanics, 
but  through  tlie  former,  as  an  art,  he  rose  to  the  apprehension  of  the 
latter,  as  a  science.  Mechanism  is  not  self-existent,  but  has  its  scope 
limited  only  by  man's  ability  to  give  it  expression  in  the  combination 
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of  material  parts.  The  scope  aod  limits  of  Mechanics  exist  independ- 
ently of  the  agency  of  man;  limited  transmutation  and  application  is 
all  that  is  possible  to  him. 

19. — One  of  the  triumphs  in  art,  to  which  Mechanism  lays  indis- 
putable claim,  was  the  construction  of  pendulum  clocks  which  kept 
correct  time,  a  hundred  years  before  the  genius  of  Newton  discovered, 
announced  and  formulated  the  law  of  gravitation.  The  interrelation 
of  Mechanics  and  Mechanism  seems  to  illustrate  that  existing  between 
gravitation  and  motion — the  one,  cause;  the  other,  effect.  From  the 
viewpoint  of  an  Engineer,  Mechanics  apjiears  to  be  a  colossus  in  the 
realm  of  law,  the  anatomy  and  functions  of  which  do  not  defy  enumer- 
ation and  analysis  by  him,  but  the  marvels  of  Mechanism,  his  own 
work,  in  their  endless  differentiations,  make  complete  enumeration 
and  analysis  impossible.  These  three  j^rimal  subdivisions — concept, 
mechanics  and  mechanism — comprise  the  field  of  the  civil  engineer's 
activities.  In  the  first,  he  stands  alone;  in  the  second,  he  enjoys  the 
heritage  of  Nature  and  his  predecessors;  in  the  third,  he  is  also  an 
heir,  but  must  design  and  produce  additions  of  both  novelty  and  use- 
fulness, as  the  ever-recurring  emergencies  of  his  profession  demand. 

20. — Two  hundred  years  ago  civil  engineering  as  a  distinct  profes- 
sion had  no  existence.  Not  even  claim  was  made  for  it  in  any  language 
or  literature,  though  irrigation  in  Egypt,  India  and  other  countries 
had  been  practiced  for  centuries.  The  Netherlands  had  been  reclaimed 
from  the  sea.  The  bogs  of  the  British  Isles  had  been  largely  drained 
and  transformed  into  arable  land.  Classic  architecture  had  attained 
its  utmost  perfection  and  declined — to  all  appearances  never  to  be 
revived.  Great  aqueducts,  canals,  roads  and  bridges  had  been  built. 
All  this  had  been  done  for  the  advancement  of  former  civilizations  by 
men  who  had  the  same  endowments  and  much  of  the  training  of  the 
modern  civil  engineer,  though  the  materials  they  used  were  princi- 
pally earth,  wood  and  stone.  Their  sources  of  jjower  were  men  and 
animals  for  all  differentiating  efi'orts.  For  stability  in  their  struct- 
ures, the  force  of  gravity,  through  comjiressive  stresses,  was  almost 
exclusively  relied  upon. 

These  men,  moreover,  were  employed  principally  by  State  and 
Church,  in  populous  and  Avealthy  cities,  to  build  moniimental  struct- 
ures to  commemorate  the  achievements  of  warlike  nations  and  to 
symbolize  human  aspiration  for  a  millennium  religiously  believed  in 
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and  universally  sought.  If  these  historic  works,  instead  of  belong- 
ing to  the  past,  were  to  be  in  the  future,  they  would  be  ])laced  in 
charge  of  the(  Civil  Engineer.  History  does  not  satisfactorily  inform 
us  what  relation  the  men  who  "Designed  and  directed "  these  great 
works  bore  to  the  body  jjolitic.  Their  names  are  almost  wholly  for- 
gotten, and  those  of  the  Kings  and  Emperors  who  assigned  them  to 
duty  alone  have  been  preserved.  These  men  of  genius  and  ingenuity 
seem  to  have  been  ranked  but  little  higher  than  the  citizens  of  their 
times,  whom  they  directed  in  the  enterprises  in  question.  By  their 
works  alone  we  can  know  them,  not  through  their  personalities. 
What,  then,  is  he,  whom  in  modern  times  we  call  a  Civil  Engineer? 
In  general  terms,  we  may  answer,  the  Civil  Engineer  in  part  trans- 
forms Nature  for  the  material  advancement  of  man.  Wealth,  as  capi- 
tal or  conserved  energy,  has  called  him  and  he  has  responded,  which 
wealth  is  apparently  not  sovereign,  biit  subject,  ever  subject  to  the 
law  according  to  and  in  conformity  with  which  it  is  accumulated, 
which  law  is,  tendency  to  endless  activity  and  acquisition  of  con- 
served energy.  This  was  true  in  former  times,  as  it  is  true  in  modern 
times.  In  former  ages  the  people  had  their  energies  and  wealth 
forcibly  approj)riated  by  governments  and  dissipated  in  imperial 
enterprises  for  apparently  no  other  puri^oses  than  the  glory  and 
benefit  of  the  few,  with  degradation  and  injury  to  the  many.  Em- 
pires rose  and  fell  like  the  flow  of  vapor,  fire  and  lava  from  a  volcano, 
with  apparently  no  more  regard  for  the  welfare  of  the  people  than 
has  the  force  of  gravity  for  the  placidity  of  the  mobile  ocean 
upon  which,  in  sport,  it  plays  an  endless  see-saw.  In  modern 
times  this  is  no  longer  so  generally  and  deplorably  true,  for  now  the 
energies  and  wealth  of  peoples  are  more  largely  directed,  through 
agriculture,  commerce  and  raauufactures,  for  the  benefit  of  all.  The 
wisdom  of  conservation  has  l)eeu  substituted  for  the  folly  of  destruc- 
tion. An  era  has  dawned  in  which  jieace,  instead  of  war,  tends  to 
pervade  more  largely  the  civilization  of  man,  in  which  dawn  the 
Civil  Engineer  has  been  diifeinjutiated  from  the  Military  Engineer,  in 
which  difl'erentiation  the  adjective.  Civil,  has  been  applied  with  re- 
markable fitness.  In  this  era.  States  of  great  intelligence,  wisdom, 
wealth  and  power  are  built  up,  aggregated  into  nationalities,  whose 
governments,  though  in  rivalry  with  those  of  others,  strive,  as  govern- 
ments never  strove  before,  to  grow  great  and  powerful,  not  to  sub- 
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jugate  and  destroy  others,  but  to  elevate  the  citizen  and  cause  him  to 
participate  more  largely  in  this  greatness  and  power  than  in  former 
eras.  Out  of  all  this  has  been  evolved  the  Civil  Engineer,  who  finds 
here  his  habitat,  his  work  and  his  glory.  The  modern  Civil  Engineer 
is  not — like  his  predecessor,  the  Architect — principally  employed  by 
State  and  Church,  to  cx'eate  monumental  and  symbolic  structures  in 
populous  cities  whose  wealth  is  expended  to  commemorate  the  glory 
of  empire  and  to  give  expression  to  unattainable  aspirations  in 
dreamers.  His  work  is  mainly  a  differentiation  from  the  former 
ideals  of  man,  in  that  he  makes  j)opulous  cities  healthier  and  stronger, 
minimizes  distances  between  them,  brings  them  in  daily  connection  in 
the  affairs  of  life,  such  as  commerce,  travel,  thought  and  speech,  all 
of  which  tends  more  to  the  establishment  of  the  actual  brotherhood 
of  man  than  has  been  accomplished  through  the  ages  i^receding  his 
advent. 

This  genesis  of  the  profession  is  only  a  partial  synopsis;  volumes 
might  be  written  ujion  it  and  not  exhaust  the  subject.  All  this  is,  of 
course,  a  matter  of  common  knowledge  among  Engineers.  It  is,  upon 
this  occasion,  presented  in  condensed  form  as  evidence  that  the  Civil 
Eu'^iueer  has  demonstrated  his  rank  to  be  that  of  a  jjrofessional  man 
in  the  body  politic;  not  only  a  professional  man,  but  one  who  ranks 
high,  with  an  evident  tendency  to  outrank  some  of  the  learned  profes- 
sions of  to-day,  because  he  makes  individual  and  collective  man  greater 
and  stronger,  instead  of  causing  him  to  ever  ponder  his  weakness  and 
dependence,  as  some  professions  do.  He  knows  of  no  restrictions  or 
limitations,  but  dares  all  within  Nature's  and  his  own  resources.  He 
speaks,  not  in  a  florid,  sonorous  and  profound  philology,  but  in  bold 
constructions,  a  language  in  visible  material  realities  which  are  legible 
by,  and  address  themselves  to,  the  masses,  as  making  for  their  ad- 
vancement and  benefit.  The  ideals  of  the  modern  Engineer  are  given 
expression  in  the  construction  of  artificial  and  the  impi'ovement  of 
natural  waterways;  in  the  building,  equipping  and  operating  of  rail- 
ways; in  the  construction  of  power-stations  that  marshal  and  direct 
forces  for  the  service  and  preservation  of  man,  which  are  incomi^arably 
greater  than  were  the  forces  of  Xerxes's  army  for  the  overthrow  of  the 
Greeks  and  the  destruction  of  their  Empire;  and  in  the  construction  of 
manufacturing  establishments  for  better  protecting,  housing,  feeding 
and  clothing  the  people  than  previous  ages  could  lay  claim  to  or  boast 
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of.  The  Erie  Caual  was  for  a  long  time  the  ideal  of  Engineers,  and 
when,  eighty-seven  years  ago,  its  constmetion  was  commeuced,  the 
Engineers'  available  materials  wore  earth,  stone,  wood  and  iron,  with 
man,  animals,  gravity  and  heat  as  soitrces  of  power.  The  Niagara 
power  development  was  also  an  ideal  of  Engineers,  and  when  its  con- 
struction commenced,  seventy-five  years  later,  the  materials  available 
had  been  many  times  multiplied  with  all  the  present-day  known 
sources  of  power  in  Nature  at  command.  The  ideals  given  expression 
in  these  completed  enterprises  explain,  in  part,  what  the  modei-n  Civil 
Engineer  is,  and  upon  what,  in  part,  he  bases  his  claim  of  being  a  pro- 
fessional man. 

21. — To  the  layman  and  the  public  in  general,  all  that  which  is  here 
expressed  and  implied  may  seem  but  the  common  every-day  fruitage 
that  accompanies  agriculture,  commerce  and  manufactures;  that  this 
is  but  an  expression  of  oi;r  age's  stupendous  materialism;  that  it  has 
not  jarodueed  any  literature,  except  a  technique  in  occult  phrasing, 
the  comprehension  of  which  is  only  interesting  or  jjossible  to  those  who 
lead  a  life  of  monkish  devotion  to  a  calling.  To  the  Engineer,  there 
is  perhajjs  not  more,  if  as  much,  meat  in  all  this,  than  to  the  public,  but 
above  and  beyond  this  material  comprehension,  there  is  an  undefinable 
something  that  sustains  and  buoys  the  Engineer  with  a  daily  inspira- 
tion, as  though  he  were  a  veritable  "Aurora"  unembarrassed  by 
mythological  sex  classiticatiou. 

22. — There  is  a  sentiment  prevalent  among  Engineers  that  Art  must 
not  be  permitted  to  form  a  jirominent  featiire  in  engineering  works; 
that  it  tends  to  no  useful  end,  involves  needless  cost,  and  that  it 
rather  impairs  use,  the  sole  object  in  engineering  enterprises.  This 
is  but  a  half  truth,  which,  in  Engineering,  as  in  all  the  affairs  of  man, 
ranks  equal  in  mischievousness  with  error  or  untruth. 

The  hand-hammer's  type,  suggested  by  the  human  fist  and  arm, 
was  originally  only  a  club,  picked  up  by  man  in  the  forest,  which,  by 
use  and  time,  became  undoubtedly  the  first  tool  by  which  muscular 
force  was  made  more  effective  through  velocity  and  weight,  a  distinct 
elementary  power  implement.  Archaeology  teaches  us  that  this  tool 
has  undergone  many  transformations,  until,  at  the  present  day,  it  is 
as  indisiiensable  as  any,  and  in  such  variety  of  forms  and  adaptation 
as  to  present  forcibly  the  element  of  Ai't  as  an  insei^arable  accom- 
paniment of  this  first  and  simi)lest  tool.     It  demonsti'ates,   further, 


464  ADDRESS    OF    PRESIDENT   CHARLES   HERMANY. 

that  man  is  constrained,  in  liis  -work  of  continuing  any  one  operation, 
to  invest  it  with  an  apj^ropriate  art  form.  In  like  manner,  down  the 
ages,  in  whatever  man  has  done,  artistic  design,  in  form,  proportion  and 
volume,  is  found  to  be  an  inseparable  and  pronounced  feature.  Is  it, 
then,  possible  to  eliminate  Art  from  engineering  works?  The  answer 
is,  "no."  The  work  of  the  Engineer  the  world  over  bears  irrefutable 
testimony  against  it.  Those  members  of  the  profession  who  decry  it 
fail  to  that  extent  in  rising  to  the  proper  dignity  which  Engineering 
implies.  The  extraneous  loading  of  engineering  works  with  orna- 
mentation and  decoration  is,  of  course,  needless  and  vicious,  for  such 
additions  are  but  questionable  appendages  to  any  form  of  art,  but  in 
the  true  art  sense,  engineering  works  rival  all  forms  of  art,  though  the 
modern  engineer,  when  he  jDresents  to  us  ideals,  idols  or  toys,  erects 
Obelisks  on  Bunker  Hill  and  the  Potomac  Flats,  a  Statue  of  Liberty  in 
the  harbor  of  New  York,  an  Eiffel  Tower  on  the  Champs  de  Mars, 
and  a  Ferris  Wheel  on  the  shore  of  Lake  Michigan.  Every  engi- 
neering structure  is  but  a  correct  balancing  of  all  the  forces  it 
comprises,  and,  in  whatever  material  presented,  is  membered 
or  articulated  so  that  the  trained  eye  reads  the  direction 
of  the  stresses  involved,  which  is  the  highest  possible  ex- 
jDression  of  constriactive  art,  partly  because  it  is  true  and  j^artly 
because  its  utility  or  serviceability  to  man  is  universally  manifest.  It 
symbolizes  its  purpose  and  exijouuds  the  motive  and  character  of  its 
author  in  unmistakable  and  irrefutable  terms.  It  constitutes  a  voice- 
less herald  that  brings  joy  to  the  multitudes  that  gaze  upon  it,  for 
they  know  that  it  is  their  redeemer  fi'om  despairing  drudgery  and 
burdensome  labor.  This  is  not  the  case  with  what  is  called  the  fine 
arts,  the  meaning  and  service  of  which  latter  are  perhaps  supremely- 
idealized,  si:)ecialized  and  limited  to  the  apprehension  and  apprecia- 
tion of  those  who  have  what  is  called  cultivated  taste,  while  the 
benefit  derived  therefrom  is  an  exalted  and  undefinable  something^ 
which  eludes  description,  even  by  the  language  of  the  poet.  No' 
attempt  is  here  implied  to  dejjreciate  high  art,  but  to  contend  that 
engineering  works  are  not  destitute  of  true  art,  cannot  be  made  to  be 
so,  but  admit  of,  if  they  do  not  necessitate,  art  forms  and  proportions 
Avhich  fill  the  soul  of  man  with  awe  and  admiration. 

In  sujiport  of  this  claim,  take,  as  evidence,  a  tiauscontinental  train 
of  express,  mail,  passenger  and  sleeping  cars,   drawn  by   a  modern 
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locomotive,  rolling  over  two  slender  ribbons  of  steel,  through  the 
mountain  defiles  of  the  East ;  over  the  plains  of  the  prairie  plateau  ; 
through  jjopulous  cities,  blooming  gardens,  teeming  farms  and  arid, 
waterless  deserts  ;  up  the  caiious  of  the  Rocky  Mountains  ;  over  the 
backbone  of  the  continent  ;  down  the  Western  slope  of  the  Pacific  ; 
crossing,  on  the  route,  rivers  on  spider-web-like  bridge  structures  ; 
through  dark  tiinnels,  miles  in  length,  regardless  of  peril  and  acci- 
dent ;  through  sunshine  and  rain  ;  in  storm  and  blizzard  ;  distancing 
the  flight  of  birds  and  rivaling  the  continental  sweep  and  velocity  of 
the  cyclone  ;  from  the  Atlantic  to  the  Pacific  Ocean  ;  all  accom- 
plished with  clock-wcn-k  regularity  in  less  time  than  a  week  ;  and 
you  have  an  array  of  Art-accentuated  i^anoramas  which  astound  and 
charm  you  while  they  verify  the  claim.  Were  this  but  an  ideality, 
it  would  command  admiration  ;  but  when  you  realize  it  as  a  daily 
accomplished  feat,  you  are  contemplating  events,  compared  with 
which  the  wonders  of  past  ages  are  commonplace  in  their  tendency 
to  arouse  the  spirit  of  man  in  its  onward  and  upward  flight.  This  is 
principally  the  work  of  modern  Engineering,  and  explains,  in  part, 
what  the  men  are  whom  we  rightly  call  Civil  Engineers. 
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In  January,  1903,  the  writer  commenced  a  series  of  observations, 
for  the  Philadelphia  and  Reading  Eailway  Company,  upon  the  creep- 
ing of  rails  at  a  number  of  points  on  the  Company's  lines.  This  work 
was  undertaken  in  order  that  certain  questions  propounded  by  Dr.  P. 
H.  Dudley,  Reporter  for  America,  on  "Ways  and  Works,  Rails  for 
Lines  with  Fast  Trains,"  for  the  Fifth  International  Railway  Congress, 
could  be  answered  as  intelligently  as  possible.  The  writer  is  enabled 
to  present  these  data  to  the  Society  by  the  courtesy  of  Theodore 
Voorhees  and  William  Hunter,  Members,  Am.  Soc.  C.  E.,  with  the 
hope  that  they  will  prove  of  interest  and  will  elicit  discussion  on  a 
very  interesting  subject  to  the  railroad  engineer. 

Object  of  the  Investigation. 

Among  the  questions,  in  the  circular  letter  of  Dr.  Dudley  above 

referred  to,  were  ten  under  the  heading  "  Methods  for  preventing 

creeping,  especially  on  double-track  lines  and  on  steep  gradients," 

*  Presented  at  the  meeting  of  Sept«mber  7th,  1904. 
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and  the  investigations  were  made  because  there  were  no  records  of  rail 
movements  from  which  even  ordinary  answers  could  be  obtained. 
That  there  is  a  longitudinal  movement  of  the  rails,  under  certain  con- 
ditions, is  a  firmly  established  fact,  but  how  it  was  influenced  by  con- 
ditions of  roadbed,  weight  of  rail,  grades,  tratlic,  etc.,  remained  to  be 
determined.  The  results  of  the  observations,  as  will  be  shown  later, 
are  too  few  to  establish  firmly  any  laws,  but  it  is  hoped  that  what  has 
been  done  and  is  here  presented  will  make  one  link  in  a  chain  which 
ultimately  may  allow  certain  definite  principles  to  be  laid  down. 
The  observations  were  not  undertaken  to  ascertain  the  beat  method  of 
preventing  the  creeping  of  rails,  and  therefore  no  discussion  of  this 
interesting  feature  is  presented. 

Method  of  making  the  Observations. 

In  order  to  make  the  measurements  as  carefully  as  possible,  two 
stakes,  3  by  1|  in.,  and  24  in.  long,  were  driven  level  with  the  ground 
about  15  or  20  ft.  from  the  nearest  rail,  where  possible,  and  located  at 
right  angles  to  the  track,  if  on  a  tangent,  or  on  a  radial  line,  if  on  a 
curve.  They  were  placed  so  as  to  be  approximately  in  the  center  of 
two  rails  and  miss  any  joints.  In  the  top  of  each  stake  an  ordinary 
surveyor's  tack,  with  a  depressed  center,  was  driven.  A  transit  was 
set  up  over  one  stake  and  sighted  on  the  other,  and  points  on  the  line 
were  marked  on  the  flange  of  each  rail  with  a  fine  center-punch.  All 
observations  were  made  on  double-track  lines,  and,  on  the  tops  of  the 
two  outside  rails,  similar  marks  were  made. 

From  these  marks  on  the  outside  rails  measurements  of  exactly  30 
ft.  were  made  to  the  right  and  left,  spanning  a  joint  in  each  direction, 
and  marked  with  the  same  center-punch.  These  points  were  placed 
in  order  to  try  and  determine  whether  there  was  any  movement  in  the 
joints  due  to  expansion  or  contraction,  or  whether,  when  there  was  a 
loQgitutlinal  movement,  it  was  transmitted  through  the  joints  to  the 
next  rail.  The  division  superintendents  were  requested  to  notify  the 
repairmen  to  avoid  these  joints  as  much  as  possible  during  the  contin- 
uance of  the  observations.  It  is  safe  to  say  that  no  disturbance  of  the 
track  took  place  during  the  time  the  observations  were  being  made, 
unless  noted  in  the  tables. 

A  card,  similar  to  that  shown  in  Fig.  1,  was  prepared  for  each  rail. 
A  center  line  was  drawn  across  the  card  terminating  at  the  top  in  a 
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regular-shaped  V.  The  card  was  then  placed  on  the  flange  of  the 
rail,  a  sharp-ijointed  pencil  was  j)laced  in  the  center-punch  mark  and 
the  card  oriented  by  the  observer  at  the  transit.  The  card  was  then 
placed  firmly  against  the  rail,  the  pencil  removed,  and  a  point  mai'ked 
on  the  card  on  the  line  given  by  the  observer  at  the  transit  which  had 
been  previously  set  on  one  stake  and  sighted  on  the  other.  Upon 
returning  to  the  office  this  point  was  transferred  to  the  opposite  side 
of  the  center  line,  as  in  its  first  position  it  indicated  a  reverse  move- 
ment of  the  rail. 
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Fig.  1. 

On  the  cards  prepared  for  the  outside  rails,  the  distances  across  the 
joints  were  recorded,  marked  "X"  when  measured  to  the  left,  and 
<<  p'"  when  measured  to  the  right.  Temperature  observations  were 
also  made  and  recorded,  the  thermometer  having  been  exposed  to  the 
direct  rays  of  the  sun  while  the  observations  were  being  made.  The 
length  of  time  consumed  in  making  the  observations  approximated 
about  15  min.,  depending  ui3on  the  difficulty  in  finding  the  punch 
marks  obscured  by  grease,  dust,  dirt,  snow,  ice,  etc.,  on  the  rail. 
The  work  required  the  services  of  two  men,  one  with  the  transit  and 
the  other  handling  the  cards  on  the  rails. 

This  method  was  decided  upon  after  some  discussion,  and  adopted 


SOME    NOTES    ON    THE    CREEPING    OF    RAILS.  469 

because  it  seemed  to  eliminate  errors  in  makinjij  the  notes,  and  at  the 
same  time  showed  on  the  cards  the  actual  movements,  without  the 
necessity  of  measuring  small  distances,  with  the  probabilities  of  errors 
in  reading. 

In  most  cases  the  observations  wei'e  made  at  intervals  of  about  two 
weeks,  with  the  exceptions  noted  in  the  records.  On  the  Atlantic  City 
Railroad,  the  intervals  were  a  mouth  ajjart,  on  account  of  the  extremely 
slow  movement  of  the  rails. 

The  center-punch  marks  on  the  tops  of  the  rails  on  some  of  the 
branches  had  to  be  constantly  remarked,  especially  where  there  was 
heavy  traffic  and  heavy  grades  combined,  as  on  the  Frackville  Branch, 
and  on  the  Mahanoy  and  Shamokin  Branch.  Several  observations  were 
lost  in  this  manner. 

Description  of  the  Points  Selected. 

The  plan  for  making  the  observations  contemi^lated  the  following 
outline,  with  special  reference  to  grades  and  traffic: 

1. — Lines  having  the  greatest  high  speed,  light  tonnage  and  light- 
est grades; 

2. — Lines  having  high  speed,  heavy  tonnage  and  light  grades; 

3. — Lines  having  average  speed,  average  tonnage  and  moderate 
grades; 

4. — Lines  having  slow  speed,  heavy  traffic  and  heavy  grades. 

In  most  cases  inquiry  was  made  before  the  points  were  selected,  to 
ascertain  where  creeping  had  been  noticed,  with  a  general  jnirijose  of 
selecting  the  points  so  that  they  would  fulfill  most  of  the  requirements. 

The  following  are  detailed  and  concise  descriptions  of  the  features 
of  interest  on  the  branch  roads  on  which  the  points  were  selected. 

Atlantic  Citi/  Railroad. — This  road  is  a  double-track  line,  extending 
from  Kaigns  Point,  Camden,  N.  J.,  to  Atlantic  City,  N.  J.,  and  carries 
moderate  traffic,  compared  with  the  other  lines  considered,  but  most 
of  the  passenger  traffic  is  carried  at  high  express  speeds,  the  schedule 
of  the  so-called  60-min.  trains  being  50  min.  from  Camden  to  Atlantic 
City,  a  distance  of  55.5  miles.  The  freight  business  is  not  heavy.  The 
alignment  throughout  is  very  good,  and  the  grades,  with  one  excep- 
tion, between  Clementon  and  Albion,  very  light. 

At  the  points  marked  Clementon  and  Albion  both  tracks  are  laid 
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witli  90-lb.  rails  of  the  section  recommended  by  the  American  Society 
of  Civil  Engineers,  and  have  stone  ballast. 

At  Pleasantville  and  Farmington  the  south-bonnd  track  ^as  laid 
with  90-lb.  rails  and  stone  ballast  and  the  north-bound  track  with 
80-lb.  rails  and  cinder  ballast.  At  Pleasantville  the  point  is  on  an 
embankment  over  the  salt  marsh  of  the  Atlantic  City  meadows. 

The  i^oiut  at  Clementon  is  in  a  sump  between  two  of  the  heaviest 
grades  on  the  line.  At  Albion  tne  point  was  selected  as  being  at  the 
bottom  of  the  heaviest  single  grade. 

On  account  of  the  high-speed  traffic,  the  physical  condition  of  the 
road  is  very  good. 

JVew  York  Branch. — This  branch  is  a  double-  and  in  some  cases  a 
three-  track  line  extending  from  Wayne  Junction,  Philadelphia,  to 
Bound  Brook,  N.  J.,  a  distance  of  54.9  miles.  A  very  heavy  traffic  is 
carried,  the  passenger  business  being  carried  at  high  speeds.  There 
are  eight  passenger  trains  daily  in  each  direction,  making  the  trip 
from  Wayne  Junction  to  Bound  Brook  in  58  min.,  while  five  other 
trains  each  way  daily  make  the  same  run  in  66  min.  The  line  is 
equipped  throughout  with  90-lb.  rails  and  stone  ballast.  The  max- 
imum grade  is  0. 7  per  cent. 

At  Bethayres  the  i^oint  is  located  at  the  foot  of  a  0.7;',,'  grade  which 
is  about  15  000  ft.  long,  from  the  west.  There  is  a  level  stretch  of 
about  3  000  ft.  and  then  a  grade  of  0.65%",  about  10  000  ft.  long,  to  the 
east.     The  point  is  on  an  embankment  over  low  swampy  ground. 

Philmont  is  at  the  top  of  the  0.65%  grade  referred  to  at  Bethayres, 
and  is  in  a  good  dry  cut. 

Neshaminy  Falls  is  at  the  foot  of  another  0.65;V  grade  which  runs 
out  level.  It  is  a  point  where  the  maximum  speed  is  attained  by 
express  trains.     It  is  on  an  embankment,  but  on  a  hard  substratum. 

Hopewell  is  in  a  cut  on  a  rather  soft  substratum,  and  is  approached 
from  the  west  on  a  level  tangent  about  0  000  ft.  long,  and  from  the 
east  at  the  foot  of  a  0.7%  grade  about  4  000  ft.  long. 

Bethlehem  Branch. — This  branch  leaves  the  New  York  Branch  at 
Jenkintown  and  extends  to  Bethlehem,  Pa.,  a  distance  of  46.0  miles. 
It  is  double-tracked  throughout.  The  grades  are  heavier  than  on  the 
New  York  line,  the  maximum  being  1.13  per  cent.  The  traffic  is  not 
as  heavy  nor  the  speed  as  fast  as  on  either  of  the  lines  already  men- 
tioned.    As  a  general  thing,  also,  the  weight  of  the  rail  is  SO  lb.     Bail 
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creeping  was  rei)orted  to  have  been  noticed  near  a  nnmbev  of  the 
points  selected. 

Quakertown  is  on  a  level  stretch  of  track  slightly  l)eyoud  the  foot 
of  a  0.'6S%  grade.  The  south-bound  rail  is  90-lb.  and  the  north- 
bound 80-lb.     The  ballast  is  of  furnace  slag. 

North  Wales  is  on  a  30-miu.  curve  near  the  summit  of  a  long  \.\?>% 
grade.  It  is  in  a  rock  cut.  The  track  is  laid  with  SO-lb.  rails,  and 
the  ballast  is  furnace  slag. 

Gwynedd  is  on  a  tangout  at  tlic  foot  of  a  1.13",,'  grade,  about  11  000 
ft.  long.     The  rails  are  80-lb.,  and  the  ballast  is  furnace  slag. 

Oreland  is  near  the  foot  of  a  0.8j^  grade  about  8  000  ft.  long.  The 
rails  and  ballast  are  the  same  as  at  Gwynedd. 

Frackville  Branch. — This  branch  extends  from  the  top  of  the  inclined 
plane  at  Frackville,  Pa.,  to  a  point  near  Pottsville,  Pa.,  and  carries  a 
very  heavy  south-bound  traffic  of  loaded  coal  cars  down  a  grade  of  3.3^"i( 
for  a  distance  of  3.8  miles.  The  north-bound  traffic  is  practically  all 
empty  coal  cars.  Nearly  all  the  coal  from  the  Shamokin  Coal  Fields, 
to  tidewater  at  Philadelphia,  is  bi-ought  over  the  Mahanoy  and  Sham- 
okin Branch  to  Mabanoy  Plane.  There  it  is  pulled  up  an  inclined 
plane  with  stationary  engines  to  Frack\alle,  whence  it  passes  down 
the  other  side  of  the  mountain,  as  described. 

Head  of  Grade  is  at  the  top  of  the  mountain,  not  far  from  the 
summit,  and  Broad  Mountain  is  at  the  foot  of  the  3.3^^  grade. 

The  rails  are  90-lb.  on  both  tracks,  and  the  ballast  is  of  engine 
cinders.  As  there  is  absolutely  no  fast  traffic,  and  only  a  few  passen- 
ger trains  each  way  daily,  the  condition  of  the  roadbed  is  not  kept  up 
to  the  same  standard  as  on  the  other  branches  already  mentioned. 
The  line  formerly  was  laid  witli  80-lb.  lails,  the  90-lb.  rails  being  put 
down  only  recently.  Intermediate  angle-splices  were  put  on  the  80-lb. 
rails  at  points  on  the  south-bound  track  where  the  creeping  was 
greatest,  but,  at  the  time  the  observations  were  made,  they  had  not 
been  put  on  the  90-lb.  rails  at  the  points  of  observation.  They  are 
now  on.  These  are  fastened  to  the  rails  with  old  sj^lice-bars  with  two 
bolts,  and  spiked  to  the  ties  through  the  slots. 

Methanol/  and  Shamokin  Branch. — This  is  part  of  the  Shamokin  Divi- 
sion, the  points  selected  being  on  the  south  side  of  Locust  Mountain, 
on  the  heaviest  grades  of  the  line.  This  is  on  the  main  line  from 
Tamaqua  to  Shamokin,  Pa.     The  grade  is  2.5%"  and  the  traffic  heavy, 
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but  at  moderate  speeds  on  account  of  the  grades.  The  heaviest  traflSc, 
which  is  made  up  largely  of  the  coal  from  the  Shamokin  District,  is 
on  the  south-bound  track.  On  the  south-bound  track,  90-lb.  rails 
are  used,  and  80-lb.  on  the  north-bound.  The  ballast  is  of  engine 
cinders. 

Locust  Summit  is  at  the  top  of  the  grade,  and  is  in  a  cut  which  is 
rather  wet.     Locust  Dale  Junction  is  at  the  foot  of  the  same  grade. 

The  wear  of  the  rail  is  verj  marked  on  the  south-bound  track,  on 
account  of  the  heavy  braking  required  on  loaded  trains.  This  braking 
is  very  hard  on  the  brake-shoes  and  tires  of  the  engines,  as  is  shown 
by  the  pieces  of  steel  removed  from  the  engine  tires,  and  found  along 
the  track.  Photographs  of  some  of  these  are  shown  in  Plate  XXIX. 
Similar  pieces  are  found  on  the  south-bound  track  of  the  Frackville 
Branch. 

The  Obsekvations. 

The  results  of  the  observations  are  shown  in  Tables  1  to  4,  and  in 
Plates  XXX  to  XXXIII,  in  which  are  given  all  the  conditions  of  the 
location  and  traffic,  as  well  as  the  rail  movements.  The  alignment, 
character  of  the  roadbed,  manner  in  which  the  joints  are  spiked  to  the 
ties,  cut  or  fill,  traffic,  detailed  location  of  the  points  selected,  with 
reference  to  the  joints  and  the  grades,  are  given  in  order  to  aid  in  an 
intelligent  study. 

Abstract  from  Camp's  "  Notes  on  Tkack.  " 

Probably  the  bast  general  discussion  of  the  subject  of  creeping  rails 
is  that  given  by  W.  M.  Cami),  M.  Am.  Soc.   C.   E.,   in  his  "Notes  on 
Track,"  and  the  writer  has  taken  the  liberty  of  extracting  from  it  a 
few  notes  on  the  general  principles.     These  are  given  with  the  object 
of  presenting  concisely  the  best  known   data  on  the  subject,  so  that 
the  results  here  obtained  may  be  better  understood. 
There  are  two  longitudinal  movements  in  rails: 
1. — A  molecular  movement  of  expansion  and  contraction,  and 
2.  —  A  progressive  shifting  of  the  rails  bodily,  known  as  creeinng. 
It  is  now  generally  conceded  that  the  principal  cause  of  creeping 
is  the  wave  motion  in  the  rails  set  up  by  moving  trains. 

If  each  rail,  under  this  wave  motion,  is  not  made  to  hold  fast  to 
the  ties  and  the  ground,  it  will  remain  shoved  ahead,  by  a  very  small 
amount,  by  each  passage  of  a  train. 
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The  actual  movements  otrails  are  twice  as  great  as  those  shown  on  this  plate. 
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If  it  were  possible  to  tigliteu  the  splices  so  as  to  hold  against  cx-eeiJ- 
ing,  they  would  be  too  tight  to  allow  the  rails  to  expand  easily,  and 
much  evil  would  result. 

Three  important  facts  should  be  noted: 

1. — The  creeping  is  most  rapid  during  hot  weather; 

2. — It  is  greater  on  double-  than  on  single-  track;  and 

B.  —  It  moves  with  the  trains. 

Kails  usually  creej)  most  on  embankments,  especially  on  those 
uewly  made,  and  little  or  least  on  solid,  hard  ground,  not  raised  above 
the  surrounding  level.  Track  laid  on  swampy  or  boggy  land  creej^s 
worst  of  all. 

The  manner  in  which  rails  will  creep,  and  the  amount,  depends  on : 

1. — The  character  of  the  ground  or  foundation  for  the  track; 

2. — The  direction  in  which  the  train  loads  are  heavier; 

3. — The  proj)ortion  of  the  weight  distributed  on  the  two  rails; 

4. — The  speed  of  the  trains;  and 

5. — ^The  manner  in  which  the  ties  are  spiked. 

What  Seems  to  be  Shown  by  the  Observations. 

A  very  brief  summary  of  what  seems  to  be  shown  by  the  observa- 
tions is  as  follows: 

1. — At  32  different  points  to  determine  which  rail  moved  the  more, 
the  right  or  the  left,  the  following  was  found: 

At  21  i)oints  there  was  no  practical  difference. 

At  8  points  the  right  rail  moved  more. 

At  3  points  the  left  rail  moved  more.  The  right  crank  leads  on  all 
engines. 

2. — In  7  cases  out  of  12  the  greatest  creeping  is  shown  on  descend- 
ing gradients;  on  the  remaining  5  there  is  practically  no  difference. 

3. — Decidedly  more  creeping  is  shown  where  the  roadbed  is  carried 
on  embankment  over  swampy  ground,  than  in  other  places. 

4. — More  creeping  is  generally  shown  on  imperfectly  maintained 
track,  than  where  it  is  kept  in  first-class  condition. 

5. — As  far  as  the  observations  went,  it  was  shown  that  there  was 
less  movement  than  was  expected  from  the  reports  of  the  repairmen, 
although,  in  some  cases,  the  points  were  not  at  the  exact  locations  of 
the  worst  reported  creeping. 
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One  of  the  most  interesting  points  of  the  series  is  that  at  Beth- 
ayres,  on  the  New  York  Branch.  At  the  time  the  points  were  located 
new  rails  had  just  been  laid,  in  cold  weather,  and  it  had  been  impos- 
sible to  space  the  ties  so  as  to  spike  all  the  joints  to  them.  The  result 
was  a  considerable  amount  of  motion.  Between  March  17th  and  April 
2d,  the  west-bound  track  was  fixed,  the  ties  respaced  and  all  the 
spikes  driven  in  the  joints.  In  spite  of  this,  the  movement  continued, 
and  Avas  probably  due  to  the  disturbance  of  the  roadbed.  The  Phila- 
delphia, Newtown  and  New  York  Railroad  crosses  this  branch  a  short 
distance  east  of  this  point  with  a  grade  crossing,  and  when  the  east- 
bound  track  was  fixed  up,  about  May  2d,  the  rails  were  disturbed  be- 
tween the  point  of  observation  and  the  crossing,  but  the  motion 
continued  afterward.  The  excessive  motion  is  probably  due  to  the 
fact  that  at  this  point  the  track  is  not  as  rigid,  longitudinally,  as  at 
other  points,  on  account  of  the  crossing  frogs  at  the  Newtown  crossing 
and,  also,  chiefly  on  account  of  the  swamjjy  ground  under  the  em- 
bankment. 

The  next  most  serioiis  movement  seems  to  be  at  Pleasantville,  on 
the  Atlantic  City  Railroad,  over  the  salt  marsh,  where  the  movement 
has  been  continuous  and  regiilar  on  a  nearly  level  line.  The  interval 
of  time  between  the  last  two  observations  should  be  noted. 

These  two  points  seem  to  bear  out  the  j)rinciple  that  creeping  is 
most  to  be  feared  when  the  character  of  the  foundation  j^ermits  an 
amplification  of  the  wave  motion.  The  speed  of  all  trains  at  both 
of  these  points  is  high. 

There  are  a  number  of  facts  shown  in  the  tables  and  diagrams 
which  are  very  hard  to  exjilain,  but  it  is  hoped  that  they  may  throw- 
some  light  on  jioints  where  other  records  are  wanting. 

It  is  to  be  regretted  that  more  observations  were  not  made  on 
curves,  in  order  to  ascertain  the  effect  of  the  unequal  distribution  on 
the  two  rails  caused  by  heavy,  slow-moving  freight  trains  passing 
around  a  curve  having  the  proper  superelevation  for  the  higher  speed 
of  passenger  trains. 
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Garden 
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Hopkwell: 
M  ft.  west 

of  west  end 
of  station 
platform. 

Neshaminy 
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RECORD    OF    CREEPING   RAILS.  BETHLEHEM    BRANCH    P.  &.  R.  RY.    1903.  Temperature  taken  in  sun. 


QUAKERTOWN 


LOCATION  OF  JOINTS 
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J.B.  TR> 
r3m.  19 
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Feb.  18 
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E.  . 
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"                                  n 
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Apr.  17 

68° 

Apr.  28 

76° 

May  12 

86° 

3.B.  TRACK 
,im.  19       10° 

>• 

Feb.  2 

46° 
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N.B.    ij2,224d7-784i  ' 


k-2S;62H»ttl-«' 

— '-X — * — -i^- 
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N.B.     i-12.83q<-17Tl7-^-»<-«— 
jy_    1*26.10^-^3.9'  S 
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The  actual  movements  of  rails  are  twice  as  great  as  tiiose  shown  on  this  plate. 
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Oreland: 

375  ft.  north 
of  road 
crossing 
north  of 
station. 

Gwynedd: 
30J  ft.  south 

of  stone 
arch  bridge. 
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CREEPING   RAILS.  READING   DIVISION.  FRACKVILLE  BRANCH.- 

P.  &  R.  R.  R 

SHAMOKIN   DIVISION. 

MAHANOY  AND  SHAMOKIN   R.  R.- P.  &.  R.  R.  R. 

|_                           HEAD  OF  GRADE.  FRACKVILLE  BR. 

BROAD  MOUNTAIN.  FRACKVILLE 

BR. 

LOCUST   DALE  JUNC.  SHAMOKIN 
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LOCATION    OF   JOINTS.                  |                       GRADE. 
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LOCATION    OF    JOINTS. 
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The  actual  movements  of  rails  are  twice  as  great  as  those  shown  on  this  plate. 
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ftusTAV  LiNDENTHAii,  M.  Am.  Soc.  C.  E.  (by  letter).— This  subject  Mr.  Linden- 
has  been  of  much  interest  to  the  writer  for  many  years,  particularly  in 
connection  with  track  over  bridges,  and  has  led  him  to  an  investiga- 
tion of  the  creeinng  of  rails,  generally,  and  the  formulation  of  a 
theory,  which  he  has  published,*  and  from  which  he  desires  to  quote, 
as  follows: 

"  As  is  well  knowu,  rails  creep  in  the  direction  of  the  traffic, 
whether  up  grade  or  down  grade.  On  single  track,  rails  creep  in  the 
direction  of  heavier  traffic;  otherwise  they  creep  down  grade. 

"  The  force  with  which  a  track  is  creeping  seems  almost  irre- 
sistible. Notching  the  rail  base  for  the  spikes  Avas  one  of  the  means 
employed  to  stop  it.  But  the  spikes  were  gradually  sawed  into,  pulled 
out  or  sheared  off  by  the  creeping  rails.  Later,  when  the  practice  of 
notching  was  given  up,  because  steel  rails  were  ajjt  to  break  at  the 
notched  jjlaces,  spiking  of  the  angle  bars  at  the  rail  joints  was  resorted 
to.  Special  angle  brackets  or  straps  bolted  to  the  rail  between  joints 
are  also  used.     But  all  in  vain. 

"  Several  explanations  have  been  given  for  the  phenomenon,  but 
none  accounts  for  all  its  ijeculiarities  satisfactorily.  My  own  view  is 
that  creeping  is  caused  by  the  push  of  the  rolling  friction  of  the  wheels 
on  the  rails.  If,  for  illustration,  we  imagine  the  cars  mounted  on 
skids  instead  of  wheels,  the  creeping  would  be  greater  in  the  jjropor- 
tion  as  sliding  friction  is  greater  than  rolling  friction.  The  drivers  of 
the  locomotives  are  the  only  wheels  exerting  a  pull  on  the  rails,  which 
for  the  time  being  are  pinned  down  and  so  cannot  move.  The  pull  is 
transmitted  by  friction  through  the  ties  to  the  ballast  and  earth  under- 
neath, the  whole  forming  an  anchorage — but  a  traveling  anchorage — 
always  located  under  the  locomotive,  whether  pulling  by  adhesion,  or 
through  cog-wheels  on  a  rack  rail. 

"  All  other  wheels  behind  the  locomotive  exert  a  push  on  the  rails 
through  rolling  friction  in  the  direction  of  the  train. 

"  The  coefficient  of  rolling  friction  varies  with  the  velocity  of  the 
train  from  nearly  one  per  cent,  for  slow  velocities  to  four  per  mill  for 
trains  at  and  over  30  miles  per  hour.  It  also  varies  on  curves.  The 
average  value  for  fast  trains  on  tangents  and  curves  may  be  assumed 
for  illustration  at  5  per  mill.  A  car  wheel  loaded  with  10  000  lbs.  will 
thus  exert  a  push  of  50  lbs.  on  the  rail. 

"  As  the  friction  between  the  loaded  rail  and  the  ties— disregarding 
the  holding  power  of  the  any  way  imperfectly  fitting  and  usually  loose 
spikes- is  at  least  30  times  greater  than  the  rolling  friction  of  the 
wheels,  the  rail  could  not  possibly  move  or  creep  under  a  smoothly 
rolling  load. 

"  I3ut  the  wheels  do  not  roll  smoothly  and  moreover  they  do  not  roll 
over  continuous  rails.  The  rails  are  in  lengths  from  30  to  60  ft.,  with 
space  between  the  ends  for  expansion.  1  he  wheels  get  upon  each  rail 
length  suddenly,  and  instead  of  a  quiet  push  or  a  static  force  of  50 
lbs.  per  wheel,  there  is  a  horizontal  blow  or  adynamic  force,  the  effect 
of  which  increases  as  the  square  of  the  velocity  of  the  train. 

"  It  should  be  understood  that  this  horizontal  blow  is  not  caused 
by  the  depression  of  the  rail  ends  •r  by  the  space  left  for  expansion 

*  Railroad  Gazette,  September  29th,  1899. 
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Mr.  Linden-  between  tLem,  altliougla  both  tliese  features,  wuen  they  exist,  un- 
thal.  doubtedly  augment  its  force.  It  is  unavoidable  with  the  smoothest 
and  any  kind  of  rail  joint  (including  the  joint  in  which  the  outside 
splice  bar  carries  the  wheels  over  the  rail  ends)  l)ecause  the  longitudi-' 
nal  strain  is  set  up  suddenly  in  each  rail  length,  and  cannot  be  trans- 
mitted to  the  next  rail,  unless  the  rail  ends  were  tightly  pressed 
together,  equivalent  to  a  continuous  rail. 

"  Taking  40  miles  per  hour,  a  usual  speed  for  fast  freight  trains, 
equal  to  GO  ft.  per  second,  the  impact  from  the  rolling  friction  of  the 
wheel  will  be  50  X  60'^=  180  000  foot-pounds,  which  in  effect  is  the 
same  as  if  an  iron  ram,  weighing  one  ton,  would  hit  the  end  of  the  rail 
with  a  velocity  of  9^  ft.  per  second.  The  car  wheels  being  spaced  5  to 
20  ft.  apart,  w^ll  deliver  upon  the  receiving  end  of  a  30-ft.  rail  from  'i 
to  6  such  l)lows  per  second.  If  the  rail  is  not  rigid  and  smooth,  if,  on 
the  contrary,  by  reason  of  defective  or  yielding  supports,  it  deflects 
and  by  its  resilience  causes  the  wheels  to  rebound  and  ricochet,  so  that 
they  no  longer  roll  wdth  uniform  pressure,  then  each  wheel  will  hit 
the  rail  as  many  additional  horizontal  blows  as  it  makes  jumps  or 
rebounds.  A  rebound  every  few  feet  is  an  ordinary  occurrence  on 
sjiiked  track.  A  30-ft.  rail  may  thus  receive  from  30  to  60  glancing 
blows  i^er  secoud,  and  from  a  train  of  40  cars  a  total  of  1  500  to  3  000 
blows,  varying  in  effect  from  a  few  foot-pounds  to  180  000  and  more 
l)er  blow,  lengthwise  with  the  rail  and  in  the  direction  of  the  train. 

"  With  this  explanation  it  is  not  difficult  to  understand  why  the 
creeping  should  seem  irresistible,  the  rails  shearing  off  spikes  and 
bolts  and  wandering  up  steep  grades.  In  j^rinciple,  to  make  it  j^lain. 
it  is  the  same  dynamic  effect  with  which  the  blows  from  a  10-lb.  ham- 
mer will  suffice  to  overcome  the  friction  (of  over  5  000  lbs.)  of  a  rail 
spike  in  an  oak  tie. 

"  A  rail  may  be  held  down  by  spikes  and  by  the  moving  loaded 
cars,  but  it  will  nevertheless  be  displaced  by  their  dynamic  effect  in 
the  manner  stated. 

"  Each  rail  moves  individually  and  independent  of  the  adjacent 
.  rails.  The  play  left  for  expansion  at  the  joints  facilitates  the  creeinng. 
There  could  be  no  creeping  with  a  continuous  rail. 

"  All  observed  facts  can  now  be  satisfactorily  exjilained.  There  is 
no  creeping  in  switch  yards  or  on  side  tracks,  on  which  trains  move 
slowly  and  in  opposite  directions.  Comj^ared  on  the  basis  of  ton- 
mileage,  the  rate  of  creeping  is  greater  on  tracks  for  fast  trains,  and 
with  short  or  light  flexible  rails,  and  on  poorly  ballasted  and  yielding 
foundations.  Every  cause  which  induces  or  increases  rebounding  of 
the  wheels  (as  poor  rail  joints)  will  increase  creeping. 

"  On  down  grades,  where  the  locomotive  is  not  pulling,  the  effect 
of  its  wheels  will  be  added  to  that  of  the  car  wheels,  and  on  that  ac- 
count and  by  reason  of  the  greater  velocities  on  down  grades,  the 
creeping  will  be  greater.  So  also  the  outside  rails  on  curves  creep 
faster  than  the  inside  rails,  because  exjjosed  to  greater  pressure  and 
friction,  causing  harder  glancing  blows." 

Those  who  are  interested  in  the  subject  may  follow  the  writer's 
article  further,  on  the  remedy  for  creeping,  etc. 

The  only  correction  that  the  writer  woiild  make  in  the  foregoing 
citation  is  in  the  coefficient  of  rolling  friction.  Five  per  mill  is  prob- 
ably true  enough  for  rough  defective  track;  on  first-class  track,  with 
100-11).  rails,  the  rolling  friction  between  wheel  and  rail  may  be  only 
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one  tenth  aa  large.     Data  on  rolling  friction  are  still  unreliable  and  Mr.  Linden- 
divergent;  but  with  poor  rail  joints,  leaving  the  receiving  rail  and 
sticking  up  like  a  step,  it  will  receive  something  more  than  a  glancing 
blow.     The  assumption  of  5  per  mill  rolling  friction,  in  such  case,  will 
not  require  reduction. 

The  explanation  of  creeping,  cited  by  Mr.  Wagner  from  Camp's 
"  Notes  on  Track,"  that  the  jjrinciijal  cause  is  "  the  wave  motion  in 
the  rails  set  uji  by  moving  trains,"  is,  in  view  of  the  foregoing,  as 
little  satisfactory  as  would  be  the  explanation  for  the  progress  of  the 
locomotive  being  caused  by  crank  motion.  It  stojjs  too  far  away  from 
the  primary  cause,  which  is  of  a  dynamic  nature.  If  the  rails  consisted 
of  discontinuous  high  stiff  girders  on  solid  continuous  bearings,  as, 
for  instance,  on  longitudinal  concrete  beds,  which  construction  could 
not  be  subject  to  wave  motion,  there  would  still  be  creeijing  of  rails, 
although  at  a  diminished  rate.  As  long  as  rails  may  move  on  their 
bearings  from  temperature  changes,  so  long  they  may  move  from  the 
rolling  friction  of  the  wheels,  which  is  the  explanation  for  creeping, 
as  stated  above. 

W.  M.  Camp,  M.  Am.  Soc.  C.  E.  (by  letter).— This  paper  takes  up  Mr.  Camp, 
an  old,  though  timely,  subject.  The  misadjustments  in  track  caused 
\)v  creeping  rails  cannot  be  considered  new  experience.  They  have 
been  a  source  of  trouble  to  trackmen  since  the  early  days  of  railroad- 
ing, to  a  greater  or  less  extent;  and,  while  the  causes,  perhaps,  may 
be  more  w^idely  understood  at  the  present  time  than  was  the  case  a 
generation  ago,  there  still  remain  i-ome  things  to  learn  concerning  the 
phenomena  of  rail  movements  under  traflSc,  in  order  to  seek  intelli- 
gently the  most  effective  means  or  methods  of  prevention.  As  the 
creeping  action  is  always  more  pronounced  on  double,  than  on  single, 
track,  other  conditions  being  the  same,  the  su"bject  gains  importance 
with  time,  owing  to  increase  in  the  mileage  of  second  track;  and 
increase  in  the  weight  of  rolling  stock  is  another  cause  which  aggra- 
vates the  trouble. 

Although,  in  years  past,  there  has  been  considerable  discussion  of 
rail  creeping  and  the  conditions  responsible  for  it,  yet  the  subject  was 
seldom  or  never  investigated  with  that  thoroughness  which  is  char- 
acteristic of  engineers  when  setting  out  to  overcome  difficulties. 
Therefore,  it  is  a  matter  of  no  little  satisfaction  that  Mr.  Wagner  has 
collected  exact  measurements  and  other  data  of  rail  creeping,  in  con- 
nection with  careful  observations  of  the  attending  conditions.  It  is 
only  through  the  publication  of  such  results,  and  discussion  of  the 
whole  question  from  varied  lessons  of  experience,  that  the  problem 
can  be  thoroughly  comprehended. 

The  records  found  in  this  paper,  while  not  exhibiting  extreme 
cases  of  rail  movement,  nevertheless  present  a  variety  of  conditions 
and  afford  good  opportunity  for  studying  the  subject.     The  greatest 
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Mr.  Camp,  movemeut  seems  to  have  been  at  Bethayres,  on  the  New  York  Branch, 
and  at  "  Head  of  Grade,"'  on  the  Frackville  Branch.  At  the  former 
point  the  movement  was  3J  in.  in  the  south  rail  of  the  east-bound 
track,  in  the  direction  of  the  traflSc,  in  a  period  of  4  months  and  9 
days;  in  the  north  rail  of  the  same  track  the  movement  was  2|  in. 
during  the  same  time. 

The  difference  in  movement  between  thetw-o  rails  of  the  same  track 
is  only  a  matter  of  common  occurrence.  The  larger  movement  of  the 
south  rail  may  have  been  caused  by  its  location  nearer  the  outside  of 
the  roadbed,  where  there  would  be  more  spring  in  the  bank,  and  con- 
sequently a  greater  amplitude  of  wave  motion.  In  some  cases,  also, 
the  spikes  on  one  rail  of  a  track  may  happen  to  be  staggered  in  the 
manner  which  secures  the  most  effective  cross-binding  action  on  the 
rail,  with  a  tendency  to  hold  it  against  creeping.  This  occurs  where 
the  outside  spike  leads  in  the  direction  of  the  creeping. 

The  roadbed  at  this  point  is  an  earth  fill  over  a  marsh,  a  combina- 
tion of  two  conditions  quite  conducive  to  rail  creei)ing.  The  rails  in 
the  two  tracks  were  of  the  same  weight,  and  the  traffic  in  the  two  di- 
rections was  practically  the  same,  in  regard  to  the  number  of  both 
passenger  and  freight  trains,  but  the  rails  in  the  west-bound  track 
were  held  by  slot-spiking  at  the  splice-bars,  whereas  such  was  not  the 
case  in  the  east-bound  track.  This  fact  will  account,  in  some  degree, 
for  the  smaller  movement  of  the  rails  in  the  west-bound  track,  where 
the  creeping  amounted  to  only  from  §  to  |  in.  during  the  period  of  the 
observations. 

Another  cause  for  the  difference  might  have  been  a  variation  of 
speed  in  the  trains  in  the  two  directions.  The  point  of  observation 
was  in  a  sag,  at  the  foot  of  a  grade  of  0.7  %,  about  3  miles  long,  meet- 
ing a  level  stretch  of  track,  3  000  ft.  long,  across  the  marsh.  It  is 
reasonable  to  suppose  that  at  least  the  freight  trains  on  the  east-bound 
track,  apf)roaching  the  jjoint  of  observation  on  a  descending  grade, 
would  pass  the  point  at  higher  speed  than  trains  of  the  same  class  on 
the  west-bound  track.  The  comparison  of  the  creeping  action  on  the 
two  tracks,  therefore,  is  corroborative  of  explanations  which  are  well 
understood. 

The  case  next  in  importance,  measured  by  the  extent  of  the  creep- 
ing action,  seems  to  have  been  at  *'  Head  of  Grade,"  on  the  Frackville 
Branch,  where  the  west  rail  of  the  south-bound  track  crept  3|  in. 
during  the  time  between  February  16th  and  September  28th,  but,  dur- 
ing the  same  time,  the  east  rail  of  the  same  track  crept  only  1|  in. 
The  creeping  on  the  north-bound  track  at  the  same  point  was  unim- 
portant. The  grade  at  this  point  is  3.3  "o'  for  a  distance  of  3.16  miles. 
Examination  of  Table  4  shows  that  the  joints  on  both  rails  of  the 
north-bound  track  were  slot-spiked,  whereason  the  south-bound  track 
only  occasional  joints  were  held  in  this  way.     The  traffic,  both  pas- 
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senger  and  freigbt — but  with  the  freight  trains  greatly  predominat-  Mr.  Camp, 
ing — seems  to  have  been  the  same  on  both  tracks.  It  might  be 
expected,  however,  that  the  creei)ing  force  wouki  l)e  much  greater  on 
the  sonth-boiind  track,  on  which  the  trains  riin  with  the  grade,  and 
on  which  faster  speeds  are  iindotibtedly  made  than  on  the  north- 
bound track,  where  the  train  movements  are  against  the  grade.  It  is 
also  stated  that  the  freight  trains  on  the  north-bound  track  consisted 
almost  entirely  of  empty  cars.  Here,  again,  therefore,  the  observa- 
tions and  accepted  theories  apjilying  to  the  conditions  are  in  harmony. 

At  Broad  Mountain  the  conditions  respecting  grades  and  traffic 
seem  to  be  substantially  the  same  as  at  "  Head  of  Grade,"  with  simi- 
lar, but  not  as  serious,  results. 

It  appears  from  the  diagrams  that  in  several  places  the  movement 
of  the  rails  was  opposite  to  the  direction  of  the  traffic.  In  every  case 
of  this  kind,  however,  the  extent  of  the  movement  was  small,  being 
most  at  Hopewell,  where  it  was  |  in.  in  the  north  rail  of  the  east- 
bound  track  and  |  in.  in  the  north  rail  of  the  west-bound  track.  At 
North  Wales  both  rails  of  the  north-bound  track,  apparently,  moved 
in  opposition  to  the  traffic,  the  maximum  contrary  movement  there 
being  about  i\  in. 

At  a  niimber  of  other  points  there  was  apparently  a  slight  move- 
ment in  the  direction  opposite  to  that  of  the  traffic,  but  in  every  case 
the  extent  of  the  movement  was  so  small,  and  the  movement  of  the 
rails  in  either  direction,  at  those  points,  so  small,  that  it  may  reason- 
ably be  doubted  whether  rail  creeping,  proper,  took  place  at  all.  The 
writer  is  inclined  to  think  that  the  movement  in  such  cases  was  only 
the  effect  of  local  expansion  or  contraction,  from  change  of  tempera- 
ture, which  might  have  been  stronger  than  the  tendency  of  the  rails  to 
creep  under  the  traffic. 

Rail  creeping  causes  trouble  and  expense  in  various  ways.  The 
movement  shoves  joint  ties  off  their  tamped  beds  upon  loose  ballast, 
which  affords  inferior  suj^port;  the  slewed  ties  must  be  respaced,  to 
put  them  square  with  the  track  or  to  restore  the  proper  space  inter- 
vals; frogs  are  sometimes  crowded  out  of  alignment;  and  the  creeping 
action  closes  joint  openings  necessary  for  the  free  expansion  of  the 
rails  with  nse  of  temperature.  Other  well-known  evils  might  be 
mentioned,  but  the  foregoing  will  suffice  to  indicate  the  relative  im- 
portance of  this  matter  in  track  work. 

In  seeking  to  arrest  rail  creeping,  it  is  expedient,  for  practical  con- 
siderations, to  be  able  to  connect  the  effect  with  the  cause,  for  it  is 
well  understood  that  the  tendency  for  rails  to  creep  is  greater  in  some 
localities  than  in  others.  Observers  have  come  to  know  that  the  char- 
acter of  the  ground  formation  or  roadbed  is  one  of  the  most  important 
conditions  accountable  for  the  creeping  movement.  In  using  means 
of  prevention,  therefore,  it  is  essential  that  knowledge  of  conditions 
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Mr.  tiinip.  of  this  kind,  in  some  detail,  should  enter  into  the  considerations. 
In  practice,  trackmen  have  found  it  possible  to  stop  the  creeping 
at  some  points,  while  at  other  j^oints  the  same  methods  were  en- 
tirely inadequate  to  overcome  the  trouble  or  even  alleviate  the  situ- 
ation in  any  material  respect.  Hence  the  economical  aspects  of  the 
question  also  call  for  knowledge  of  the  local  conditions.  It  follows 
from  this  that  a  concentration  of  appliances  at  those  points  where 
the  tendency  to  creeping  is  strongest  may  be  more  effectual  than 
an  application  of  any  particular  device  uniformly  at  all  points  where 
creeping  occurs.  That  is  to  say,  the  creeping  of  rails  at  all  points 
along  a  stretch  of  track  of  assumed  length  might  be  due  to  condi- 
tions which  exist  along  only  a  portion  of  the  distance.  The  creep- 
ing action  at  the  particular  points  or  localities  where  the  propelling 
force  is  engendered  may  be  strong  enough,  if  not  opposed,  to  shove 
the  line  of  rails  over  the  whole  distance  considered.  The  records 
and  diagrams  presented  by  Mr.  Wagner  show  that  the  rail  creeping 
at  some  points  was  negligible,  while  at  other  i)oint8  it  was  not  en- 
tirely preventable  by  the  means  applied  to  overcome  it,  although 
they  might  have  retarded  it  to  some  extent. 

In  his  paper,  Mr.  Wagner  has  been  kind  enough  to  refer  to  certain 
characteristic  facts  of  rail  creeping  put  into  formulated  expression  by 
the  writer  after  some  years  of  reflection  on  experience.  It  will  not  be 
necessary,  therefore,  to  repeat  the  writer's  opinions  on  the  general 
principles  of  the  question  except  where  special  comment  is  intended. 
One  of  the  principles  laid  down  is  that  rails  ci'eep  more  on  newly- 
made  embankments  than  on  old  roadbed  which  has  become  solidly 
compacted.  By  way  of  ilhistration,  a  case  will  be  cited  which  came 
within  the  writer's  exj)erience  at  one  time  on  the  Pennsylvania  and 
New  York  Division  of  the  Lehigh  Valley  Railroad.  The  original  road- 
bed on  this  line  was  the  tow-path  of  the  abandoned  Pennsylvania  and 
New  York  Canal,  which  had  become  well  settled  under  the  tramping 
of  boating  teams,  and  from  weather  exposure  for  many  years.  Event- 
ually, the  road  was  double-tracked,  the  second  track  at  almost  all 
points  being  laid  upon  a  new  embankment  made  by  filling  upon  the 
bed  of  the  abandoned  canal.  At  one  location,  in  particular,  covering 
a  stretch  of  track  some  4  miles  in  length,  this  new  embankment  was 
continuous,  and  upon  it  was  laid  the  new  north-bound  track,  the  old 
track  then  being  used  for  the  south-bound  traffic.  The  grades  were 
light  enough  to  be  fairly  negligible  in  the  present  connection,  and  the 
number  of  train  movements  was  about  the  same  in  each  direction,  the 
weight  of  traffic  being  somewhat  heavier  north  bound,  owing  to  the 
movement  of  loaded  coal  trains  in  that  direction,  although  the  speed 
of  these  loaded  north-bound  trains  was  slower  than  the  empty  south- 
bound coal  trains  The  height  of  the  new  embankment  was  about  8  ft. 
and  upward.     On  both  tracks  the  joint  splices  were  slot-spiked  to  the 
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ties,  and  both  tracks  were  ballasted  with  gravel  of  good  quality.     The  Mr.  Camp, 
exact  weight  of  the  rails  on  the  two  tracks  cannot  now  be  recalled, 
but  those  on  the  north-bouud  track  were  new  and  of  heavier  section 
than  the  old  rails  of  the  south-bound  track,  the  weight  of  which  Avas 
somewhere  between  50  and  GO  lb.  per  yd. 

As  soon  as  the  road  began  to  be  operated  as  doable  track,  excessive 
creeping  was  observed  on  the  north-bound  track,  and  all  measures 
taken  to  stoj)  it  were  ineffective.  In  six  months,  during  the  summer, 
the  rail  movement,  by  actual  measurement,  was  22  in.  The  cree2)ing 
action  was  so  strong  that  both  ties  at  all  the  (suspended)  joints  were 
■carried  bodily  with  the  rails,  so  that  resijacing  of  these  ties  became 
necessary  long  before  the  whole  movement  noted  had  taken  place.  On 
the  old  roadbed  (south-bound  track)  the  creeping  movement  during 
the  same  time  was  only  8J  in.  During  the  following  year  the  creep- 
ing on  the  north-boiind  track  was  not  nearly  as  much,  and  the  com- 
parison of  the  rail  movements  of  the  two  tracks  was  not  nearly  as 
marked,  which  was  undoubtedly  due  to  the  fact  that,  as  the  new  road- 
bed became  consolidated,  the  force  causing  the  creeping  gradually 
decreased. 

In  regai'd  to  grades,  the  writer  is  of  the  oj^inion  that  they  are  a 
factor  in  rail  creeping  only  as  far  as  they  influence  the  speed  of  trains. 
On  single  track  he  has  ol)served  rail  creeping  both  up  and  down  grade, 
and,  in  one  case,  which  is  worth  citing,  the  rails  crept  in  both  direc- 
tions on  the  same  grade.  This  was  on  the  Seattle,  Lake  Shore  and 
Eastern  Railroad  (now  the  Seattle  and  International  Railway,  a 
branch  of  the  Northern  Pacific  Railway),  on  a  grade  about  5  miles  long. 
Over  nearly  the  whole  length  of  this  grade,  from  the  top,  the  rails 
crept  down  hill,  presumably  because  of  the  faster  speeds  in  that 
direction.  For  a  distance  of  about  i  mile  from  the  foot  of  the  grade, 
however,  the  rails  crept  up  hill.  The  explanation  was  found  in  the 
high  speed  of  loaded  logging  trains  "running  for  the  hill  "  when  be- 
ginning to  ascend  the  grade.  At  the  foot  of  the  gra  le  the  creeping 
movement  up  hill  amounted  to  2  in.,  in  one  season;  but,  farther  up 
the  grade,  the  creeping  action  gradually  grew  less  and  less,  until,  as 
already  stated,  it  died  out  altogether  in  a  distance  of  about  i  mile. 
In  this  case  it  seemed  clear  that,  as  the  speed  of  the  heavily  loaded 
trains  slackened  in  working  against  the  grade,  the  rail  creeping  up 
grade  gradually  decreased  in  correspondence,  until  a  point  was  reached 
where  it  was  counteracted  by  the  opposite  creeping  a-.^tion  caused  bv 
the  faster  speeds  on  the  down  grade. 

F.  S.  Stevens,  M.  Am.  Soc.  C.  E.  (by  letter).— As  the  writer  under-  Mr.  Stevens, 
stands  the  matter,  the  term,  "  creeping,"  only  applies  to  those  cases 
where  the  rails  are  moved  by  external  forces;  and  movement  which  is 
due  to  exjiansion  and  contraction  should  not  be  considered.    The  oulv 
force,  then,  that  can  produce  the  trouble  is  the  moving  train,  and.  as 
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Mr.  Stevens,  the  friction  or  adhesion  will  hold  the  rails  in  place  on  the  ties,  it  fol- 
lows that  this  movement  must  occur  where  the  rail  is  not  loaded  and 
is  practically  free  from  contact  witli  the  ties,  and,  therefore,  it  is  due 
to  the  wave  motion  caused  by  the  weight  of  the  train  passing  over  a 
roaJbed  which  yields  moi-e  or  less  to  the  compression  and  is  some- 
what elastic.  The  movement,  then,  must  precede  the  train,  and  will 
increase  directly  with  the  elasticity  of  the  roadbed  and  the  condition 
of  the  track  as  to  surface.  The  writer  has  had  charge  of  track  over 
ground  which,  apparently  at  some  time,  had  been  swamp,  and  the 
sort  alluvial  formation,  of  great  depth,  carried  the  embankment  of 
gravel,  not  exceeding  6  to  8  ft.  high;  but  this  comparatively  thin  layer 
of  gravel  was  subjected  to  great  vibration  under  passing  trains, 
and  the  wave  in  front  of  the  engine  was  very  perceptible.  The  result; 
was  that  frequently  the  splice-plates  were  broken  at  the  center,  and 
the  rails  separated  from  6  to  12  in.,  the  splice-plates  evidently  having 
cracked  some  time  before,  and  the  joint  parted  in  this  way;  and  if 
there  were  no  cracked  plates  to  part  and  thus  relieve  the  strain,  the 
bolts  were  sheared  oflf  and  the  same  opening  appeared.  The  strange 
fact,  in  connection  with  the  parting  of  these  splices,  was  that  the 
joints  in  the  track  on  the  hard  ground  adjoining  did  not  close,  but 
remained  open  for  a  distance  of  ^  mile  or  more  from  the  old  swamp, 
and  there  the  rails  ran  close  together  and  showed  a  tendency  to 
buckle.  The  movement  was  in  the  direction  of  the  heavier  traffic  and 
up  grade. 

Similar  conditions  have  been  found  where  new  ties  have  been 
"spotted"  in  at  intervals  and  have  not  received  proper  attention 
within  reasonable  time  afterward.  These,  becoming  loose,  hung  by 
the  sjiikes  and  gave  the  rails  so  little  support  that  violent  wave 
motion  was  set  up  and  the  consequent  creeping  took  jjlace. 

The  effect  of  loose  ties  is  more  noticeable  where  the  tracks  are 
curved,  for  where  the  traffic  is  heavy  and  slow,  and  trains  are  long,  and 
where  the  track  is  surfaced  for  high  speed,  the  load  shifts  to  the  low 
rail  and  the  wheels  that  travel  on  the  high  rail  must  slip;  and,  in 
addition  to  the  wave  motion,  there  is  the  dragging  effect  of  the  sliding 
wheels,  with  the  result  that  the  outer  rail  of  the  curves  creeps  and  the 
inner  rail  does  not,  to  any  great  extent. 

Loose  spice-plates  are  also  a  factor  in  the  creeping  of  rails,  and, 
where  other  conditions  are  good,  loose  splices  alone  will  cause  some 
movement.  The  remedy  is  to  prevent,  as  far  as  i^ossible,  all  wave 
movement  by  using  rails  of  sufficient  weight  to  carry  the  loads  with- 
out appreciable  deflection,  build  firm  and  unyielding  roadbeds,  and 
use  enough  good  ballast  to  distribute  the  load  properly  and  see  that 
it  is  kept  open,  so  that  all  water  may  escape  quickly  and  without  sat- 
urating and  softening  the  roadbed;  then  keep  all  ties  tamped  to  a  true 
and  uniform  bearing,  each  tie  carrying  its  proper  proportion  of  the 
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load.     The  rails  iu   such  trai-k  will  creep  verv  little,  and  do  trouble  Mr.  Stevens, 
will  be  found  in  keeping  the  proper  expansion  allowance  at  the  joints, 
if  the  splices  are  kept  uniformly  tight. 

Tlie  writer  does  not  b;3lieve  that  with  tracks  there  has  ever  yet  been 
any  trouble  which  could  be  traced  to  excessive  length  of  rail,  but 
there  has  been  a  great  deal  of  trouble  caused  by  creeping  rails  which 
crept  because  they  were  neglected,  or  the  ties  were  loose,  the  joints 
were  loose,  the  surface  poor,  or  the  men  in  charge  incomjjetent. 
When  engines  and  cars  ride  smoothly,  without  jolt,  jar,  sway,  or 
lurch,  the  rails  are  not  creeping  to  any  great  extent.  It  is  poor  track 
which  does  the  creeping,  unless  the  trouble  lies  below  the  bottom  of 
the  roadbed.  Drainage  is  the  "  whole  thing  "  in  making  and  maintain- 
ing good  track  which  will  hold  its  surface  and  stay  where  it  is  placed, 
and  the  cost  of  maintenance  varies,  as  to  rail  and  labor,  very  neaily 
in  proportion  to  the  tonnage  moved.  Eliminate  the  wave  motion  by 
thorough  drainage,  sufficient  weight  of  rail,  good  ties,  and  good  sur- 
face, with  tight  joints,  and  no  fear  need  be  entertained  on  account 
of  trouble  caused  by  creeping  rails. 

Hunter  McDonald,  M.  Am.  Soc.  C.    E.    (by   letter). — The  writer's  Mr.  McDonald, 
experience  with  creeping  rails  has  been  confined  almost  entirely  to 
single  track,   while  the  observations  described   by  the   author   were 
made  exclusively  on  double  track. 

The  creeping  of  rails  on  single  track  presents  also  many  appar- 
ently inexplicable  phenomena.  It  has  been  the  writer's  experience 
that,  no  matter  what  the  direction  of  the  preponderance  of  traffic,  the 
rail  will  often  cree23  down  grade  in  both  directions  until  all  the  joints 
in  the  sag  are  closed  up.  Gravity,  no  doubt,  has  much  to  do  with  this, 
but  the  writer  believes  that  the  temperature  has  also  a  large  share  in 
it.  The  rail  is  first  laid  with  proper  provision  for  expansion.  As 
expansion  takes  place  the  rail  moves  more  easily  down  the  grade. 
When  contraction  follows,  the  rail  is  again  drawn  down  the  grade 
rather  than  up. 

The  creeping  of  rails  against  the  current  of  traffic,  as  shown  in 
many  instances  on  the  author's  cards,  often  occurs  for  a  short  period, 
but  it  seldom  continues  unless  some  condition  of  loose  track,  easily 
discernible,  brings  it  about.  This  creeping  is  probably  due  to  tem- 
perature changes. 

The  writer  recalls  many  instances  of  creeping  rails,  one  of  which 
may  be  worth  mentioning.  It  was  on  a  trestle  about  4  000  ft.  long. 
Near  its  middle  the  track  was  a  level  tangent.  The  soiith  half  was  on 
a  1.5%  grade,  ascending  from  near  the  middle,  and  included  a  long  6° 
curve  to  the  east.  The  north  half  was  on  a  0.6%  grade,  ascending 
from  near  the  middle,  and  included  two  short,  sharp  curves  near  the 
north  end,  reversing  on  a  point.  The  excess  of  traffic  was  southward. 
A  Wharton  switch  turned  out  near  the  middle  on  the  west  side,  the 
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Mr.  McDonald,  frop;  being  rigidly  fastened  to  the  stringers.  In  earlier  days  the  tres- 
tle had  few  braces  in  the  direction  of  the  track,  and  vibrated  greatly 
under  trains.  The  east  rail  crept  northward  for  years  at  an  average 
rate  of  f  in.  per  day.  Efforts  to  stop  it  by  fastening  the  rail  always 
resulted  iu  shearing  the  bjlts  or  moving  the  ties,  no  matter  how  well 
fastened  down.  Until  the  method  of  using  pointed  rails  was  adopted, 
it  was  the  practice  to  i^ut  in  long  rails  at  the  south  end  and  short  ones 
at  the  north  end  every  Saturday  afternoon.  The  west  rail  never  gave 
any  trouble  whatever  from  creeping  in  either  direction.  It  was  on 
the  outside  of  the  long  6°  curve.  All  creeping  was  effectually  stopped 
when  heavier  stringers  were  put  in  and  every  eighth  bent  braced 
securely  by  two  heavy  pieces  of  timber  fastened  on  each  side  of  the 
cap  and  running  to  the  sills  of  the  second  bents  on  each  side. 

It  has  been  the  writer's  experience  that  the  rail  always  creeps  on, 
and  in  the  vicinity  of,  long  trestles,  especially  those  providing  for 
large  waterway  across  bottoms,  and  in  which,  on  account  of  drift- 
wood, it  is  not  practicable  to  maintain  much  longitudinal  bracing. 

When  some  method  of  fastening  the  rail  securely  to  the  tie  is  de- 
vised, more  rigid  track  can  be  maintained,  and  trouble  from  creei^ing 
greatly  reduced. 

The  anti-creeping  devices,  designed  upon  the  wedge  principle,  will 
hardly  take  care  of  cases  where  the  rail  creeps  in  both  directions, 
and  will  not  be  needed,  to  any  great  extent,  when  the  present  method 
of  spiking  gives  way  to  one  that  will  hold  the  rail  tight  down  to  the 
tie. 
Dr.  Dudley.  P-  H.  DuDLEY,  EsQ.  (by  letter). — The  measurements  of  the  creeping 
of  rails,  by  Mr.  Wagner,  are  important,  because  they  cover  so  many 
locations  and  conditions  of  service.  These  will  lead  to  others  of  as 
high  a  degree  of  excellence,  and  the  principal  conditions  incident  to 
creeping  rails,  some  of  which  are  local,  will  become  evident. 

AVhen  the  writer's  "  questions  "  for  the  International  Railway  Con- 
gress were  prepared  and  sent  to  the  railroads,  it  was  expected  that  a 
number  of  similar  observations  would  be  secured  from  sevei-al  railroad 
companies.  The  replies,  without  measurements,  were  so  discordant, 
owing  to  difierent  conditions,  that  they  could  not  be  used  to  determine 
the  local  causes  as  to  the  creeping  of  the  rails.  After  the  questions 
had  been  sent  out,  the  Permanent  Committee  of  the  International 
Railway  Congress  restricted  the  reports  to  a  less  number  of  pages 
than  expected;  therefore,  detailed  observations  could  not  be  reported, 
on  subsidiary  subjects.  It  is  well  that  these  are  presented  where  they 
will  reseive  adequate  publication  and  discussion. 

In  Mr.  Wagner's  records  of  the  Atlantic  City  Railroad,  the  creeping 
of  the  rails  was  not  decided,  for  trains  exceeding  one  mile  per  minute, 
from  January  14th  to  May  7th,  at  Clementon,  Albion,  Fai-mington, 
and  in  part  at  Pleasantville,  the  movements  being  due  princij^ally  to 
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the  elongation  antl  contractiou  from  thermal  stresses.  From  May  7th  Dr.  Dudley, 
to  November  24:th,  the  movements  were  larger.  The  details,  as  to 
gradients  and  character  of  the  track,  are  given  for  all  the  different 
points  of  observation.  At  Clementon,  on  the  south  track,  to  May  7th, 
the  west  or  right  rail  had  moved  in  the  direction  of  the  traflSe  0.26  in. 
Prom  May  27th  to  November  24th,  a  part  of  this  was  lost,  the  rail 
moving  in  the  opposite  direction,  the  final  movement  being  0.20  in., 
compared  with  the  observation  of  January  14th.  The  east  or  left  rail 
(lid  not  show  much  movement  until  after  May  17th,  when  the  total 
movement  to  the  left  w^as  0.28  in. 

On  the  north-bound  track,  to  May  7tb,  the  movement  of  the  left 
rail  seem?  to  have  been  due  principally  to  the  adjustment  of  thermal 
stresses,  and  by  May  27tli  it  had  moved  against  the  traffic  0.16  in.,  ln;t 
by  November  24th  it  had  moved  0.S6  in.  with  the  traffic. 

The  right  or  east  rail,  on  May  27th,  had  moved  0.08  in.  against  the 
traffic,  though  by  November  24th  it  had  moved  0.20  in.  with  the  traffic. 
This,  under  high-speed  trains,  is  a  limited  amount. 

At  Albion  the  movement  of  the  rails  on  the  south-bound  track  was 
down  grade  against  the  traffic.  On  the  north-bound  track  it  was  down 
grade  also,  though  the  total  movement  was  slight.  From  May  7th  to 
No7emb3r  24th,  for  the  left  rail  it  was  0.36  in.  and  for  the  right  rail 
0.42  in. 

At  Farmingfcon  (level  track)  the  right  rail  on  November  10th  had 
moved  0.1  in.  with  the  traffic,  the  left  rail  0.6  in.  On  the  south- 
bound track,  both  rails,  from  May  8th  to  November  10th,  moved  only 
0.22  in. 

Examination  of  the  figures  giving  the  movement  of  the  joints  on 
either  side  of  the  observed  lines  shows,  by  the  rails  rendering  in  the 
splice-bars,  that  more  or  less  motion  was  taking  place.  The  friction  of 
the  90-lb.  splice-bars  against  rendering,  in  the  testing  machine  at 
Watertown,  was  aboiat  4  500  lb.  per  lin.  in.,  or  63  000  lb.  for  14  in.  in 
one  rail  end,  when  the  bolts  were  tightened  up  as  by  the  trackmen. 

At  Pleasantville,  on  the  north-bound  track,  from  Janiiary  15th  to 
November  10th,  the  right  rail  moved  0.30  in.  with  the  traffic,  and  the 
left  rail  1.14  in.  On  the  south-bound  track  the  left  rail  moved  1.80  in. 
with  the  traffic,  the  right  rail  moved  only  0.56  in.  At  these  two  loca- 
tions the  rails  are  45  ft.  in  length. 

It  is  usually  found  that  the  45  and  6U-ft.  rails  are  slightly  looser 
under  the  spikes  than  the  shorter  rails. 

The  excess  tendency  of  the  right  or  left  rail  to  move  under  the  fast 
trains  is  indicated  there  by  the  greater  movement  for  the  left  rail. 
This  applies  only  to  similar  conditions,  for  the  observations  at  other 
points  show  the  greater  creeping  by  the  right  rail. 

The  movement  of  the  cross-ties  is  not  noted,  but  was  slight,  if  any, 
excejjt  for  those  to  which  the  angle  plates  at  the  joints  were  spiked, 
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Dr.  Dudley,  the  rails  running  under  the  spikes.  Where  the  ballast  is  out,  the 
cross-ties  move,  or  permit  more  rapid  running  of  the  rails. 

In  the  winter  the  tendency  of  the  thermal  stress  is  to  cause  tension 
in  the  metal  of  the  rails,  while  in  the  summer  it  is  compression,  be- 
fore or  while  the  rail  ends  are  rendering  in  the  splice-bars,  for  adjust- 
ment. In  the  first  condition  the  rails  are  not  as  loose  as  a  continuous 
member  under  the  passing  locomotives  and  cars,  and  the  unit  fiber 
strains  as  a  rule  are  not  found  to  be  as  large,  when  measured  by  an 
instmment,  as  in  the  summer.  This  statement  must  not  be  con- 
founded with  the  fact  that  under  great  falling  temperatures  the  com- 
bined thermal  stress  of  tension  and  that  due  to  the  positive  bending 
moments  in  the  base  of  the  rail  of  the  passing  wheel  eliects  may  be 
and  are  often  greater  than  those  experienced  in  the  summer,  under 
the  same  locomotives.  The  thermal  strains  of  tension  reduce  the 
factor  of  safety  of  the  metal,  while  those  of  compression  increase  the 
looseness  of  the  rails  and  the  distui'bance  of  the  line.  The  tendency 
of  the  rails  in  summer,  therefore,  is  to  become  slightly  looser  as  con- 
tinuous members,  for  the  same  standards  of  maintenance,  and  to  creep 
most  under  the  sjiikes. 

The  unit  fiber  strains  under  locomotives  of  two  jjairs  of  driving 
wheels  are  increased  from  20  to  '65%  by  the  expended  tractive  effort, 
besides  that  due  to  the  axle  loads. 

The  superstructure  of  all  steam  roads  is  flexible,  and  is  depressed 
temporarily  from  the  *'  trackmen's  surface  "  to  the  lower  running  sur- 
face in  the  "  general  depression  "  under  the  wheel  base  of  the  locomo- 
tives and  cars.  In  the  "  general  dejiression  "  there  are  specific  de- 
flections, in  the  rails  under  the  wheels,  of  positive  bending  moments, 
constrained  by  negative  bending  moments  in  the  wheel  spacing. 
This  constitutes  the  so-called  "  wave  motion  "  in  the  superstructure. 
The  ballast  and  subgrade  are  also  loaded  and  partially  unloaded,  each 
wheel  being  distinctly  felt  in  the  subgrade,  for  15  or  20  ft.  in  depth, 
in  most  places.  Each  type  of  locomotive  in  passing  causes  a  charac- 
teristic "general  depression  "  and  bending  moments,  in  loading  the 
subgrade,  and  in  extreme  cases  the  rails  and  cross-ties  show  a  slight 
movement  with  each  train,  and  require  attention  to  prevent  creeijing. 
Conditions  in  the  permanent  way  which  permit  a  depression  of  the 
rails  of  I  in.  or  more  under  the  jaassing  locomotives  or  cars,  cause  a 
tendency  to  creep.  The  outer  rail  on  curves  also  tends  to  creep,  with 
the  traffic. 

Decreasing  the  positive  and  increasing  the  negative  bending  mo- 
ments in  the  rails,  either  by  increased  stiffness,  better  drained  sub- 
grade,  a  more  favorable  construction  of  the  locomotive  for  the  distri- 
bution of  the  total  load  and  loading  the  rail,  high  standards  of 
maintenance,  with  ample  ballast,  increase  the  combined  stabOity 
between  the  passing  locomotive  and  the  permanent  way,  and  check 
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creeping.     This  is  proveu,  iu  the  practice  of  the  past  decade,  by  the  Dr.  Dudley, 
fast  aud    heavy  trains  iu  daily  service,  compared  with  those   on  the 
former  light  rails. 

The  i- wheel  "  leading  and  guiding  truck"  for  the  engine,  invented 
by  the  late  John  Bloomfield  Jervis,  Hon.  M.  Am.  Soc.  C.  E.,  one  of 
America's  eminent  civil  engineers,  has  been  the  great  factor  in  loading, 
not  only  the  rails  in  the  "general  depression,"  but  the  subgrade. 

Stephenson's  unexcelled  work  was  the  combination  for  rapid  steam 
generation  for  locomotives,  while  that  of  Jervis,  his  contemporary, 
the  distribution  of  the  load  and  ease  of  motion.  The  mechanical 
applications  of  both  principles  have  exceeded,  the  expectations  of 
either,  with  less  creeping  of  the  rails  than  they  experienced. 

George  TATNAiiii,  M.  Am.  Soo.  C.  E.  (by  letter). — The  author  pre-  Mr.  TatnalL 
sents  a  very  interesting  series  of  observations  on  a  troublesome  sub- 
ject, on  which  there  are  very  few  accurate  data,  and  yet  a  great  deal 
of  speculation.  Almost  every  maintenance-of-way  engineer  has  his  own 
pet  theory  of  the  cause  of  the  creeping  of  rails,  evolved  from  some 
personally  observed  and  half-remembered  facts. 

The  minute  description  of  the  methods  of  observation  speaks  well 
for  the  accuracy  of  the  results  obtained;  nevertheless,  there  are  some 
matters  of  importance  decidedly  lacking.  The  author  quotes  from 
Mr.  Camp:  "  It  is  now  generally  conceded  that  the  principal  cause  of 
creeping  is  the  wave  motion  in  the  rails  set  up  by  moving  trains." 
This  coincides  with  the  opinion  expressed  by  himself,  and  yet  no 
efifort  seems  to  have  been  made  to  ascertain  the  amplitude  of  this  wave 
motion,  in  conjunction  with  the  other  observations. 

The  worst  case  of  creeping  that  ever  came  under  the  writer's  ob- 
servation occurred  on  a  wooden  Howe  truss  bridge.  This  structure 
consisted  of  thirteen  spans,  each  of  about  150  ft.,  and  a  draw-span  of 
80  ft.  clear,  with  14  ft.  between  the  trusses.  The  floor  system  was 
constriicted  of  cross-beams  of  8  by  16-in.  yellow  pine  resting  on  the 
lower  chord  and  spaced  10  in.  apart,  on  which  rested  a  longi- 
tudinal stringer  of  8  by  12-in.  yellow  pine  laid  flat,  on  which  the  rail 
was  spiked.  This  bridge  carried  a  very  heavy  traffic,  both  in  the  num- 
ber and  weight  of  trains,  and  was  considerably  over-strained,  so  that 
constant  attention  was  imperative  and  repeated  repairs  and  renewals 
necessary.     It  has  since  been  entirely  replaced  with  a  steel  structure. 

Upon  this  bridge,  directly  under  the  writer's  eye,  a  creeping  of 
rails  of  more  than  1  in.  with  the  passing  of  each  train  has  been 
observed  repeatedly.  As  the  bridge  was  a  single-track  structure  and 
the  trains  alternated  in  direction,  the  creeping  caused  by  one  train 
was  balanced  by  the  creeping  in  the  other  direction  caused  by  the 
next.  But  this  creeping  did  not  occur  under  the  driving-wheels,  nor 
under  the  coach  wheels,  which  has  long  been  a  bone  of  contention, 
but  occurred  entirely  at  the  moment  of  the  passage  of  the  advance 
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Mj.  Tatnali.  Upward  wave,  explained  and  described  so  clearly  by  Captain  J.  E. 
Howard,  of  the  U.  S.  Arsenal  at  Watertown,  Mass.,  in  his  reports  on 
measurements  of  track  deflections,  and  which  occurs  several  feet  in 
front  of  tlie  engine.  At  the  time  of  the  observation  of  this  excessive 
creeping,  the  trusses  of  several  adjoining  spans  were  three  or  four 
years  old,  and  the  deflection  was  beginning  to  be  excessive;  the  deflec- 
tion of  the  floor  grades  had  increased  and  the  rail  had  cut  into  the 
longitudinal  stringer  considerably,  mashing  the  libers,  so  that  the 
amplitude  of  this  advance  wave  was  very  great  and  very  noticeable,  and 
the  force  it  exerted  was  sufficient,  as  the  spikes  had  been  driven  down 
hard,  to  wear  away  the  flanges  of  the  rail  under  and  on  each  side  of 
the  spike  heads  to  an  appreciable  depth  V)elow  the  general  plane  of 
the  flange  surface.  It  should  be  stated  that  trains  were  not  allowed 
to  run  at  a  speed  of  more  than  15  miles  i>er  hour  over  this  bridge. 

Analyzing  the  data  given  by  the  author,  it  appears  that  at  Beth- 
ayres  and  Pleasantville,  where  the  creeping  is  the  greatest,  the  tracks 
are  in  the  one  case  on  an  embankment  on  low,  swampy  ground,  and  in 
the  other  on  an  embankment  on  the  low-lying  salt  marshes  of  the 
coast;  in  both  cases  tha  compi'ession  of  the  embankment  and  iinder- 
lying  marsh  by  the  heavy  traffic  Avould  be  relatively  great  and  the 
wave  motion  of  great  amplitiide. 

The  author  quotes  Mr.  Camp  as  to  the  efi'ect  of  temperature  on  the 
creeping  of  rails,  and  temperature  is  undoubtedly  the  second  impor- 
tant factor.  The  creeping  of  the  rails  in  hot  weather  toward  the  old- 
fashioned  and  now  obsolete  stub  switch,  is  well  known,  as  well  as  the 
creeping  toward  the  free  ends  of  the  rails  at  a  drawbridge;  and,  un- 
doubtedly, many  of  the  movements  noted  in  these  observations  are 
the  result  of  temperature  changes,  particularly  the  west-bound  track 
at  Hopewell  and  the  north-bound  track  at  North  Wales  and  Gywnedd, 
as  well  as  one  or  two  other  points,  where  whatever  movement  has  been 
noticed  is  in  a  direction  opposite  to  the  traffic.  It  is  to  be  regretted 
that  the  distance  and  direction  to  the  nearest  switch  or  crossing  has 
not  been  noted  as  giving  a  partial  clue  to  the  influence  of  the  temper- 
ature on  the  movement.  "When  the  difierence  between  the  summer 
length  and  the  winter  length  of  the  two  rails  immediately  adjoining  a 
draw-span,  in  a  bridge  about  2  000  ft.  long,  amounts  to  6  or  8  ft.,  it 
can  readily  be  believed  that  the  changes  in  temperature  could  cause 
greater  backward  and  forward  movements  than  the  fluctuations  shown 
in  the  tables. 

In  the  writer's  opinion,  the  wave  motion,  as  influenced  by  the  fre- 
quency and  weight  of  the  traffic,  the  compressibility  of  the  roadbed, 
and  the  underlying  natural  surface,  and  the  expansion  of  the  rails, 
under  increases  of  temperature  toward  an  unstayed  jjoint  in  the  track, 
are  the  only  causes  of  creeping  rails,  and  that  such  factors  as  curves, 
grades,  speed  of  trains,  nature  of  traffic,  other  than  weight,  etc.,  etc., 
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are  negligible  (iiiautities  in  the  discussion.     This  opinion  seems  to  be  Mr.  Tatnall. 
upheld  by  the  data  pi-eseuted. 

Josephs.  Ward,  C.  E.  (by  letter). — Although  the  writer  has  not  been  Mr.  Warti. 
in  very  close  touch  with  maintenance-of-way  affairs  in  recent  years,  he 
was,  prior  to  1898,  somewhat  active  in  the  investigation  of  this  charac- 
ter of  rail  movement,  and  watched  closely  those  points  at  which  it  w'as 
most  marked  on  the  Shamokiu  Division  of  the  Philadelphia  and  Head- 
ing Railway,  to  which  his  exijerience  and  observation  have,  of  late 
years,  been  almost  entirely  confined. 

Since  the  renewal  of  interest  excited  by  Mr.  Wagner's  paper,  in- 
(luiry  has  been  made  of  supervisors  as  to  the  rail  movement,  and, 
while  their  answers  indicate  comparative  freedom  from  trouble  by 
rea.son  of  such  movement,  the  most  noticeable  cases  are  still  existent 
at  many  of  the  places  to  which  attention  had  been  particularly  directed 
while  the  writer  was  in  charge  of  those  tracks  between  1890  and  1898. 

The  Shamokin  Division,  on  account  of  its  variable  and  excessive 
grades,  long  bridges  and  trestles,  inclined  planes,  tortuous  alignment, 
and  character  of  traffic,  offers  a  field  for  investigation  which  will,  it  is 
believed,  if  thoroughly  ex^jlored,  produce  such  data  as  may  lead  to  the 
formulation  of  a  more  positive  theory  of  the  causes  that  induce  rail 
creeping,  and  suggest  the  most  effective  means  for  its  prevention. 

While  the  writer  does  not  feel  competent,  and  it  is  not  his  intention, 
to  attempt  any  scientific  dissertation  upon  this  phenomenon,  he  may 
be  permitted  expression  of  such  opinion  of  some  of  the  several  theories- 
advanced  by  the  engineers  who  have  discussed  the  paper  as  his 
experience  seems  to  justify. 

That  of  Mr.  Lindenthal,  by  which  he  attributes  "  creeping  "  to  the 
rolling  friction  of  the  wheels  on  the  rails,  and  to  the  dynamic  forces 
exerted  thereby,  is  more  pleasing  and  satisfactory  than  the  explana- 
tion of  ]\Ir.  Camp;  for,  upon  more  or  less  rigid  substructures,  where 
the  "  wave  motion  "  is  less  than  upon  the  comparatively  elastic  and 
compressible  roadbeds,  there  have  been  many  instances  of  excessive 
longitudinal  track  movement. 

The  writer  feels  quite  satisfied  of  the  correctness  of  Mr.  Camp's 
statement,  "that  grades  are  a  factor  in  rail  creeping  only  as  far  as 
they  influence  the  speed  of  trains,"  to  which  he  would  add,  "and 
increase  the  push  or  dynamic  forces  exerted  at  the  rail  ends  by  reason 
of  heavy  braking  and  locked  Avheels." 

He  does  not  agree  with  Mr.  Stevens'  conclusion,  "that  track  move- 
ment must  precede  the  train,"  although  "wave  motion"  may.  The 
broken  splices  which  are  referred  to,  it  is  believed,  may  be  correctly 
attributed  to  this  undalatory  movement,  aggravated  by  the  increased 
leverage  imposed  u])on  the  unnecessarily  long  angle-plates  used  in 
recent  years.  While  we  have  had  numerous  instances  of  joint  parting 
and  of  rail  separations  even  greater  than  those  named  by  him,  the  bolts 
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Mr.  Ward,  were  sheared  off  in  all  cases,  and  in  none,  within  our  knowledge,  was 
there  any  evidence  of  cracked  or  broken  plates. 

Mr.  Stevens  has  stated  most  succinctly  the  physical  defects  of 
tracks  and  roadbed  which  facilitate  the  creeping  of  rails,  and  proposes 
what  is  undoubtedly  the  most  efifective  means  for  its  prevention,  viz., 
ideal  track. 

"the  writer  cannot  reconcile  with  his  experience  the  statement  of 
Mr.  McDonald,  "that,  no  matter  what  the  direction  of  the  preponder- 
ance of  traffic,  the  rail  will  always  creep  down  grade."  The  evidence 
shows  most  positively  that  the  movement  is  invariably  with  the  cur- 
rent of  trade,  regardless  of  grades. 

The  observations  of  Messrs.  McDonald  and  Tatnall  as  to  the  creep- 
ing on  and  in  the  vicinity  of  long  bridges  and  trestles  are  corroborative 
of  the  writer's  experience;  but  he  cannot  agree  with  the  last-named 
gentleman,  "  that  speed  and  curves  are  negligible  quantities  in  this 
discussion." 

With  regard  to  the  comments  of  Dr.  Dudley,  they  being  princi- 
pally descriptive  and  explanatory  of  the  findings  of  the  author,  the 
writer  has  nothing  to  say,  except  to  call  attention  to  the  paragraph  in 
which  the  projiosition  of  Mr.  Stevens  is  emphasized  by  the  important 
statement  that,  "with  a  stable  roadbed,  good  drainage,  more  rigid 
track,  ample  ballast  and  a  high  standard  of  maintenance,  the  creeping 
of  rails  may  be  practically  stoj^ped." 

The  writer  has  always  found  an  excess  tendency  of  the  right  rail 
to  creep,  and  a  greater  movement  of  the  high  rail  on  curves. 

The  writer  would  offer  the  opinion  that  the  causes  to  which  the 
longitudinal  track  movement  are  due,  named  in  the  order  of  their 
effective  influence,  are: 

FirsL—A  preponderance  of  heavy  traffic  in  the  direction  of  the 
movement  (regardless  of  grades) ; 

Second. — The  number  and  frequency  of  the  dynamic  forces  exerted  at 
the  rail  ends  (largely  dependent  upon  the  j^hysical  conditions  of  track 
and  roadbed); 

Third. — The  speed  of  trains; 

Fourth. — The  increased  rolling  friction  on  descending  grades,  due 
to  excessive  braking  and  locked  wheels; 

Fifth. — Inadequate  track  construction  and  its  inferior  maintenance 
(particularly  as  to  tie-spacing,  slot-spiking  and  insufficient  ballast); 

Sixth. — The  compressibility  of  the  roadbed  and  its  underlying  foun- 
dation; 

Seventh. — The  manner  in  which  the  weight  is  distributed  on  the 
rails; 

Eighth. — Rail  expansion  and  contraction  due  to  variations  of  tem- 
perature. 

The  influences  classed  under  Nos.  5  and  8  may  probably  be  more 
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correctly  stated  as  facilitatiup:  track  cree])infi;  rather  than  causing  it;  Mr.  Ward, 
and,  while  the  effect  of  i^oor  truck  is  pronoiiuceil,  the  writer's  experience 
does  not  warrant  the  attribution  of  any  considerable  movement  to  the 
compressibility  of  track  substructures.  In  fact,  in  no  instance  has 
he  observed  any  marked  creeping  upon  the  many  miles  of  new  grad- 
ing for  second  track,  built  within  the  past  few  years,  that  was  not, 
in  his  opinion,  due  to  other  local  conditions.  However,  this  may  be 
accounted  for  by  the  more  or  less  constant  work  expended  upon  such 
new  track,  immediately  following,  and  for  some  time  after,  its  con- 
struction, aud  the  consequent  enforced  maintenance  of  good  surface 
until  the  new  roadbed  had  settled. 

Beginning  at  the  southern  end  of  the  Shamokin  Division,  the  points 
at  which  appreciable  rail  movements  now  occur,  as  repoited  by  the 
supervisors,  in  consecutive  order,  are: 

First. — South-bound  track,  Tamaqua  to  East  Mahanoy  Junction, 
specifically  betAveen  Tamaqua  Tunnel  and  Mintzers: 

Second. — Sovith-bound  track,  \  mile  north  of  Gordon; 

Third. — South-bound  track  at  Locust  Dale  Junction; 

Fourth. — South-bound  track  on  trestle  at  Williamsport; 

Fifth.  —  Single  track  on  trestle  and  bridge  at  Rupert; 

Si.vth. — Single  track  on  seven  iron  viaducts  on  the  Catawissa 
Branch ; 

Seventh. — Single  track  at  Eyan's  Tunnel. 

From  this  list  it  will  be  observed  that,  on  this  Division,  there 
appear  to  be  but  thirteen  points  at  which  the  creeping  of  rails  is  so 
noticeable  as  to  attract  the  attention  of  supervisors,  and  that,  of  this 
number,  nine  are  on  or  adjoining  bridges  or  trestles  of  considerable 
length. 

Inasmuch  as  the  princijjal  factor  in  the  track  disturbance  upon 
these  bridges  is  the  same  in  all  cases,  attention  will  first  be  given  to 
their  consideration.  The  structure  at  Williamsport  is  a  pile  trestle, 
2  100  ft.  long,  on  a  tangent  extending  some  distance  east  and  west  of 
its  ends.  The  bents  are  spaced  17  ft.  between  centers,  each  alternate 
bay  being  well  braced  longitudinally,  and  every  bent  is  stayed  later- 
ally. The  floor  system  is  composed  of  four  9  by  16-in.  stringers,  upon 
which  are  superimposed,  7  by  9-in.  ties,  spaced  20  in.,  center  to  center, 
with  6  by  8-in.  guard  rails.  The  grade  upon  and  west  of  the  trestle  is 
practically  level,  and  east  thereof,  descends  in  the  direction  of  traffic 
at  the  rate  of  0.3  per  cent.  The  track  is  laid  with  80-lb.  rails  of 
standard  section  and  angle  splices  having  six  l-in.  bolts  to  the  joint. 
The  south-bound  substructure  and  track  were  built  in  181)9,  while  the 
north-bound  trestle,  although  thrice  partially  renewed  since  its  con- 
struction in  1871,  still  rests  on  foundations  of  the  original  piling.  Two 
iron  bridges,  on  pile  and  masonry  foundations,  and  with  respective 
lengths  of  80  and  100  ft.,  located  close  together,  divide  the  trestle  into 
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Mr.  Ward,  two  parts  of  700  aud  1  400  ft.,  the  shorter  beiug  at  the  eastern  end.  In 
the  longer  section  there  are  four  metal  girder  spans,  each  averaging 
25  ft. 

Since  the  commencement  of  the  ojieration  of  the  double  track, five 
years  ago,  there  has  been  a  very  heavy  and  increasing  south-bound 
trade  of  loaded  cars  of  freight  and  bituminous  coal,  the  latter  pre- 
dominating, and  the  daily  average  movement  probably  approximates 
1000  cars. 

The  creeping  of  rails  on  this  track,  entirely  in  the  direction  of  the 
trains,  has  averaged  about  10  iu.  annually,  and  is  unquestionably 
superinduced  by  the  heavy  south-bound  trade,  the  variable  character 
of  the  substructure  and  loose  si^lices. 

On  account  of  the  regular  tie-spacing  on  the  trestle  and  bridges, 
general  slot-spiking  is  impracticable;  it  is  rarely  that  a  joint  is  full 
spiked  through  the  slots;  at  many,  all  the  slots  come  between  the 
ties,  and  the  restraining  influence  of  the  comparatively  few  spikes 
properly  driven  is  absolutely  inadequate.  In  fact,  in  most  instances, 
their  holding  jjower  has  been  destroyed  by  the  shearing  of  the  splice 
flanges  (by  creeping)  back  of  the  slots. 

That  there  has  been  no  movement  at,  nor  displacement  of,  the  frog, 
i  mile  north  or  west  of  the  trestle,  may  be  explained  by  the  fact  that 
the  rails  were  laid  during  very  warm  weather,  with  close  joints,  which 
have  now  opened  practically  to  the  full  limit  allowed  for  expansion. 

Further  creeping  will,  the  writer  is  satisfied,  show  a  displacement 
of  this  frog,  or  will  tear  the  rails  apart.  At  this  point,  as  well  as  at  all 
others  coming  imder  the  writer's  notice,  the  movement  indicated  is 
that  of  the  right  rail,  which  is  generally  about  double  that  of  the 
other. 

It  is  somewhat  remarkable  that  the  joints  east  of  the  trestle  have 
closed  for  but  a  few  hundred  feet,  although  the  explauation  may  lie 
in  the  fact  that  the  rails  were  laid  in  the  spring,  and  that  the  ties  are 
not  fully  back-filled  with  ballast. 

Between  October  8th  and  November  4th,  1904,  the  Section  Fore- 
man has  been  compelled  to  cut  out  of  the  north-bound  track  8  in.  of 
rail,  at  a  point  700  ft.  west  of  the  east  end  of  the  trestle,  near  the  100- 
ft.  span  bridge  and  beyond  which  there  was  no  closing  of  joints. 

This  would  indicate  a  movement  in  the  direction  of  the  trafiic 
equivalent  to  1^  in.  annually.  That  it  has  been  so  much  less  on  this 
track  than  on  the  south-bound  is  due,  no  doubt,  to  the  shorter  length 
of  trestle  over  which  the  creeping  took  place,  and  becaiise  the  north- 
bound trafiic,  while  about  equal  to  the  south-bound,  is  made  up 
almost  entirely  of  empty  cars. 

On  the  Catawissa  Branch,  at  Rupert,  the  North  Branch  of  the  Sus- 
quehanna River  is  crossed  by  an  iron  bridge,  1400  ft.  long,  subdivided 
into  nine  spans  of  150  ft.  each.     This  bridge  rests  on  masonry  piers. 


DISCUSSION    ON   THE    CREEPING    OF   RAILS.  497 

At  its  north  oud  is  a  trestle,  1  000  ft.  long,  of  similar  construction  Mr.  Ward, 
to  that  at  Williamsport,  except  that  its  spans  are  but  12  ft.,  and  behts 
of  ordinary  form,  on  stone  foundations,  take  the  place  of  piles.  Both 
structures  are  on  a  level  grade  and  on  tangent,  there  being  a  6°  curve 
immediately  north  of  the  trestle.  Approaching  the  trestle  there  is  a 
long  grade,  averaging  0.6%,  descending  in  the  direction  of  the  heavier 
traffic;  and,  on  the  right-hand  rail,  going  south,  there  is,  at  the  south 
end  of  the  bridge,  a  single-point  derailing  switch  protecting  the  Penn- 
sylvania Railroad  crossing.  The  north-bound  movement  on  this 
branch  is  mostly  of  empty  cars,  while  the  traffic  in  the  opposite  di- 
rection is  of  about  the  same  character  and  volume  as  the  south-bound 
trade  at  Williamsport.  Track  conditions,  as  to  rails,  spiking,  etc., 
are  identical  at  the  two  jjoints. 

The  rail  movement  at  Rupert  amounts  annually  to  18  in.  for  the 
right  rail  and  8  in.  for  the  left,  and  is  in  the  direction  of  the  heavy 
trade. 

In  the  writer's  opinion,  this  creeping  is  largely  attributable  to  the 
same  causes  as  induce  it  at  the  Williamsport  trestle,  where  the  condi- 
tions of  grade,  etc.,  are  similar;  and  the  increased  movement  may  be 
accounted  for  by  the  additional  factors  resultant  from  the  descending- 
grade  north  of  the  bridge,  and  the  derailing  switch  at  its  south  end, 
for  which  the  right-hand  rail  serves  as  the  stock  rail,  and  is,  there- 
fore, free  to  run. 

The  writer  is  in  receipt  of  a  rej^ort  that  on  October  8th,  11)04, 
the  right  rails  were  torn  ajjart  at  the  north  end  of  this  trestle  and  the 
six  t-in.  bolts  were  sheared  oif  at  the  oi)en  joint,  the  rails  at  which 
were  said  to  have  separated  26  in.  Reference  will  be  made  later  to  an 
almost  identical  expei-ience  at  the  same  place  six  or  eight  years  ago. 

The  seven  iron  viaducts  on  the  Catawissa  Railroad,  at  Mainville,. 
Mine  Gap,  Fishers,  Long  Hollow,  Stranger  Hollow,  Ringtown  and 
Dark  Run,  having  respective  lengths  of  725,  757,  590,  74G,  380,  1  077 
and  570  ft.,  are,  with  the  excei^tiou  of  that  at  Ringtown,  which  is 
practically  level,  all  on  grades  equivalent  to  the  average  south-bound 
ascent  of  the  branch  between  Catawissa  and  Lofty  of  0.63  per  cent. 
The  construction  of  these  bridges  is  identical  in  all  instances,  the 
open-deck  spans  having  a  length  of  80  ft.,  and  those  over  the  towers 
being  about  30  ft.  long.  The  towers  vary  in  height  at  the  centers  of 
the  bridges  from  a  minimum  of  90  ft.  to  a  maximum  of  128  ft. 

All  these  structures  are  on  tangents,  and  at  all  of  them,  with  the 
exception  of  the  one  at  Dark  Run,  there  are  sharp  ciirves  at  one  or 
both  ends,  generally  to  the  north.  The  spirals  of  these  curves  are  on 
the  viaducts,  and,  as  the  track  movement  is  always  to  the  south,  its  ex- 
tent is,  to  a  degree,  influenced  by  this  circumstance.  The  weight  and 
pattern  of  rails  are  the  same  as  at  Williamsport  and  Rupert;  complete 
slot  spiking  is  equally  impracticable;  the  same  variation  in  the  ri"id- 
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Mr.  Ward,  ity  of  the  substructures  exists;  the  character  and  volume  of  the  traflSc 
in  the  direction  of  the  creeping  are  practically  identical  at  all  nine 
bridges;  and,  as  the  rail  movement,  in  every  case,  appears  to  be  in 
direct  proportion  to  the  length  of  each  structure  (except  where  mod- 
ified by  such  additional  factors  of  disturbance  as  curvature  and  in- 
creased friction),  one  is  forced  to  the  conclusion  that  the  same 
influences  are  at  work  at  these  several  locations. 

While  those  influences  which  are  responsible  for  the  creeping  at 
the  other  points  specifically  mentioned  as  troublesome  by  the  super- 
visors are  similar  in  each  instance,  they  diff"er  from  those  to  which 
this  phenomenon  has  been  attributed  in  the  cases  so  far  considered; 
at  these  four  jDoints  the  writer  is  not  inclined  to  look  upon  track  con- 
ditions or  the  compressibility  of  suiter-  and  sub-  structures  as  important 
factors  in  the  disturbance;  and,  is  satisfied  that  volume  and  direction 
of  traffic,  speed  of  trains,  increased  rolling  friction  and  curvature  are 
alone  contributory  to  the  rail  movement. 

At  Ryan's  Tunnel  the  rails  creep  on  the  high  side  of  an  11°  30' 
curve,  on  a  0.6%"  grade  at  the  foot  of  a  long  incline  descending  in  the 
direction  of  the  trade,  at  the  rate  of  59  ft.  to  the  mile. 

The  movement  reported  between  Mintzers  and  Tamaqua  Tunnel, 
on  the  south-bound  track,  takes  place  on  a  long  grade,  averaging  1.2% 
which  descends  with  the  traffic,  and  ujjon  which  there  are  numerous 
curves.  Between  Mintzers  and  Tamaqua  Tunnel,  at  the  foot  of  this 
descent,  and  where  the  track  disturbance  is  greatest,  the  grade  drops 
off"  to  0.5%,  the  alignment  is  more  tortuous,  and  there  are  two  bridges 
with  an  aggregate  length  of  160  ft,  upon  which  the  sjalices  are  more  or 
less  loose. 

North  of  Gordon,  J  mile,  the  next  location  named  at  which  un- 
usual creeping  is  noticed  south-bound,  the  track  in  this  direction  is 
on  a  falling  grade  of  0.35%;  the  alignment  shows  a  number  of  curves 
of  small  radii,  with  short  intermediate  tangents,  and  the  lighter 
grade  is  at  the  foot  of  a  very  long  descent  averaging  1.2  per  cent. 
Finally,  on  the  south-bound  track  at  Locust  Dale  Junction,  the  rail 
creeping  is  most  marked  on  reversing  8<^  curves  on  a  grade  in  the 
direction  of  traffic  and  with  a  rail  movement  of  2.1  per  cent.  Imme- 
diately north  of  this  point  there  is  a  long  tangent  descending  toward 
the  lioint  of  maximum  creeping  at  the  rate  of  2.54  per  cent. 

At  all  these  four  locations  just  described  there  is  a  heavy  south- 
bound movement  of  loaded  cars;  the  curvature  is  excessive  and  sharp; 
the  grades,  unusually  heavy,  change  abrujitly,  in  all  instances,  at  or 
near  the  points  of  greatest  disturbance;  and,  as  the  tracks  of  either 
80-  or  90-lb.  rail  are  in  good  condition,  well  ballasted,  slot  spiked  and 
on  solid  beds,  the  theory  which  the  writer  has  advanced  for  the  creep- 
ings  seems  to  be  well  substantiated. 

Although  all  the  cases  of  most  pronounced  creeping,  reported  by 
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the  supervisors,  have  now  been  discussed,  such  advice  from  other  Mr.  Ward, 
sources  has  been  received  as  leads  to  the  beHef  that  this  character  of 
movement  may  be  much  more  general  than  is  supposed.  One  of  these 
cases,  in  which  a  creeping  on  both  tracks  has  been  observed,  occurs 
at  or  near  Paxinos  on  the  Shamokin,  Sunbury  and  Lewisburg  Rail- 
road. 

The  Shamokin,  Sunbury  and  Lewisburg  Branch,  between  West 
Milton  and  Shamokin,  is  the  only  one  of  the  lines  comi)rising  the 
Shamokin  Division  upon  which  the  volume  and  character  of  north-  and 
south-  bound  business  is  nearly  equal,  and  it  is  to  this  fact  that  the 
rail  creeping  in  both  directions,  just  referred  to,  is  probably  due.  On 
all  other  portions  of  the  Division,  and  notably  south  of  Shamokin,  the 
prei^onderance  of  the  loaded  movement  southward  is  excessive,  reach- 
ing the  maximum  between  East  Mahanoy  Junction  and  Tamaqua.  The 
trade  in  the  opposite  direction  is  made  up  of  trains  in  which  the  empty 
cars  are  so  greatly  in  excess  of  the  loaded  ones  that  their  efiect  is  not 
appreciable,  as  is  demonstrated  by  the  absence  of  any  notable  instances 
of  creeping. 

In  conclusion,  reference  will  now  be  made  to  the  most  pronounced 
instances  of  the  phenomena  under  discussion,  noticed  between  1890 
and  1898.  These  occurred  on  the  Shamokin,  Sunbury  and  Lewisburg 
Bailroad,  between  Deiblers  and  Weigh  Scale  in  1S90  and  1891;  at 
8uDbury  Bridge  in  1891;  at  Rupert  Bridge  in  1897;  at  Mahanoy,  North 
Ashland  and  Mahanoy  Planes,  1890  to  1897;  at  Ashland  Summit  on  the 
upper  route  and  at  Williamsport  trestles.  When  the  writer  took  charge 
in  1898,  with  the  exception  of  the  double  track  between  Lewisburg  and 
West  Milton,  that  portion  of  the  Division  north  of  Shamokin  and  in- 
cluding the  Catawissa  Railroad  was  single  track,  laid  with  70-  and  08-  lb. 
rails.  The  lighter  rails  were  confined  to  the  Shamokin,  Sunbury  and 
Lewisburg  Railroad,  and  j^arts  of  the  Catawissa  Branch;  they  were 
but  24  ft.  long  and  equipped  with  jilain  splices,  or  tish-plates,  with 
four  |-in.  bolts  to  the  joint.  The  70-lb.  rail  was  laid  with^light  angle- 
jjlates  having  bolts  of  the  same  diameter  and  uiimber. 

On  the  Shamokin,  Sunbury  and  Lewisburg  Railroad,  and  particu- 
larly south  of  Deiblers,  there  was  endless  trouble;  the  track  would 
creep  alternately  north  or  south  as  the  traffic  would  fluctuate,  fre- 
quently tearing  apart  at  the  joints  and  opening  up  frttm  2  to  4  in.  It 
was  almost  a  daily  occurrence  to  receive  notification  of  one  or  more 
such  occurrences  during  the  previous  night,  and,  as  it  Avas  impossible 
to  secure  the  track,  by  reason  of  the  absence  of  slots  in  either  the 
splices  or  rails,  serious  accidents  were  averted  only  by  the  greatest 
vigilance.  Upon  the  completion  of  the  double  track,  the  trouble  was 
intensified  by  the  diversion  to  this  old  68-lb.  track  of  all  the  south- 
bound business;  joints  parted  by  day  and  by  night;  the  rails  crept 
almost  incredible  distances  daily;  rail  separations  of  from  4  to  11  in. 
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Mr.  Ward,  were  frequent,  and  at  least  one  wreck  was  occasioned  by  siach  a  parting 
under  the  train.  The  presence  in  this  single  track,  at  the  time  the 
writer  first  knew  it,  of  eleven  hundred  4-ft.  pieces  of  rail,  or,  as  the- 
trackmen  designated  them,  "Dutchmen,"  in  a  distance  of  25  miles, 
most  of  them  in  the  8  miles  south  of  Deiblers,  gives  some  idea  of  the 
conditions  with  which  it  was  necessary  to  cope.  These  short  rails 
were  removed;  no  piece  less  than  12  ft.  was  permitted  in  the  track; 
68-lb.  angle-splices  were  ordered  and  put  on  as  fast  as  possible;  joint 
ties  were  spaced;  slots  were  spiked,  and,  with  the  continued  improve- 
ment, creeping  gradually  diminished  until  it  finally  almost  entirely 
disappeared,  with  the  placement  of  the  80-lb.  steel,  standard  6-bolt 
joints  and  the  slot-spiked  ties. 

During  the  operation  of  the  single  track  between  the  points  men- 
tioned, the  0.5%  grade  ascending  southward  did  not  appear  to  influence 
the  track  movement,  which  would  alternate  with  the  trade,  the  pre- 
ponderance of  which  was  for  a  time  in  one  direction  and  again  in  the 
other. 

During  this  period,  the  track  on  one  occasion  i^arted,  shearing  oft* 
six  |-in.  bolts  at  a  joint  at  the  north  end  of  Sunbury  Bridge  at  the 
south  end  of  the  10^  30'  curve  adjacent  thereto. 

The  bridge  was  then,  and  is  now,  a  single-track  structure,  2  600  ft, 
long,  on  a  level  grade,  and,  as  there  has  never  been  any  further  trouble 
there,  it  has  always  been  difficult  to  account  for  the  occurrence.  It 
may  be  that  the  explanation  lies  in  the  fact  that  the  rails  on  the  curve 
and  bridge  were  of  the  76-lb.  pattern,  while  the  adjacent  track,  north 
and  south,  was  of  68-lb.  steel.  The  sharp  curve  at  the  north  end  may 
also  have  been  a  factor. 

At  Williamsport,  at  that  time,  there  were  about  8  000  or  9  000  ft.  of 
trestle,  or  four  times  as  great  a  length  as  now.  It  was  old  and  of 
lighter  construction  than  the  standard  of  this  date,  and  the  rails  on  it 
were  70-lb.,  with  angle-plates  and  four  |-in.  bolts  at  the  joints.  As  it 
was  possible  to  slot-spike  occasionally,  there  was  less  trouble  than  on 
theShamokin,  Sunbury  and  Lewisburg Railroad;  but  the  creeping  was 
so  great  as  to  cause  much  anxiety,  and,  while  no  joints  parted,  no 
means  of  keeping  the  movement  within  safe  limits  could  be  devised. 
The  slot-spiking  at  the  joints  was  supplemented  by  check-straps  and 
rail-slotting  and  spiking,  but  the  flanges  of  plates  were  sheared  off", 
the  ties  were  split,  the  spikes  pulled  out,  and  the  straps  were  torn  loose. 
When  for  a.  space  the  rails  were  secured,  the  entire  substructure  would 
move,  and  the  writer  has  frequently  seen  the  trestle  bents  lean  east  or 
west,  at  angles  of  75  or  80°,  as  the  trade  movement  was  greater  in  one 
direction  or  the  other.  Since  these  trestles  have  been  filled  and  prop- 
erly constructed,  and  heavier  track  laid,  there  has  been  absolutely  no 
trouble  on  either  the  single  or  double  track. 

In  1897,  the  river  bridge  at  Rupert  was  a  wooden  Howe  truss,  and^ 
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■wliile  prior  to  tliat  time  there  had  been  no  evidence  of  serious  creep-  Mr.  Ward, 
ing  over  it,  under  the  light  and  ai)proximately  equal  traffic  in  hoth 
directions,  there  was  a  sudden  and  radical  change  when,  in  that  year, 
the  bulk  of  the  south-bound  coal  and  freight  was  diverted  at  West 
Milton  and  sent  over  the  Catawissa  Branch.  Within  a  day  or  two,  the 
increased  trade  had  carried  the  rails  so  far  south  that  the  joints  i)arted 
at  the  north  end  of  the  trestle  and  opened  nearly  3  ft. 

After  opening  up  the  joints  and  cutting  in  rails  of  proper  length 
to  restore  normal  conditions,  blocks  were  placed  on  the  string- 
ers, between  the  ties,  to  permit  full  slot-spiking  at  all  joints;  and, 
from  that  time  there  has  been  no  trouble  until  the  occurrence  of  Octo- 
ber 8th,  heretofore  described.  The  wooden  bridge  was  replaced  by 
the  iron  one  about  four  years  ago,  and  the  intermediate  tie  blocking 
■was  never  applied  thereto. 

That  the  joints  should  part  at  Ashland  Summit,  which  is  on  a  4° 
curve  and  from  which  the  descending  grades  on  either  side  are,  north 
and  south-bound,  respectively,  1.2%  and  S.O^",  is  not  remarkable,  and 
calls  for  no  special  explanation. 

The  most  important  illustrations  of  rail  creeping  against  the  grade, 
as  exemplified  by  the  inclined  planes  which  for  many  years  have 
formed  such  a  special  and  important  feature  of  the  Shamokin  Division, 
have  been  reserved  for  the  last.  These  planes  were  four  in  number,  all 
double-tracked  and  located  atMahanoy  Plane,  Gordon  and  Ashland,  the 
last-named  having  been  known  as  Big  Mine  Run  Plane.  That  at  Mahanoy 
Plane  has  a  length  of  2  450  ft. ,  with  a  uniform  grade  of  17  per  cent.  The 
two  planes  at  Gordon  had  respective  lengths  of  4  774  and  4  584  ft., 
with  grades  of  6.54,  11.98,  6.43  and  I)  per  cent.  Big  Mine  Run  Plane 
had  a  length  of  1  200  ft.,  and  a  uniform  grade  of  22.5  per  cent. 

Over  Mahanoy  Plane  is  now  hoisted  the  anthracite  coal  originating 
in  the  Shamokin  and  Gordon  Districts,  as  well  as  that  produced 
between  Gordon  and  Gilberton.  Prior  to  the  abandonment  of  the 
Gordon  and  Big  Mine  Run  Planes  in  1899,  all  the  coal  ruined  in  the 
Mahanoy  Valley  passed  over  this  plane,  while  a  large  proportion  of  the 
east-bound  freight  and  all  the  coal  i:)roduced  in  the  Gordon  and  Sha- 
mokin regions  were  handled  ria  the  Gordon  Planes. 

The  annual  tonnage  between  1890  and  1898  over  these  two  planes 
averaged  for  Mahanoy  Plane,  3  600  000  tons,  and  for  Gordon,  2  950  000 
tons.  At  Big  Mine  Run,  the  plane  was  self-acting,  the  descending 
loaded  cars  on  one  track  hoisting  the  empty  cars  on  the  other.  Over 
it,  in  the  writer's  time,  passed  the  product  of  but  a  single  colliery, 
known  as  the  "North  Ashland,"  the  tonnage  of  which  approximated 
150  000  annually. 

At  Mahanoy  and  Gordon  Planes  the  loaded  cars  were  hoisted  up  the 
plane  alternately  on  each  track,  the  descending  movement  being  en. 
tirely  of  light  cars.  At  Big  Mine  Run  the  loaded  and  empty  move- 
ments were  in  reverse  directions. 
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Mr.  Ward.  ^g  said,  these  planes,  with  the  exception  of  Mahanoy  Plane,  which 
is  still  active,  were  abandoned  in  1899,  and  entirely  dismantled. 

At  Mahanoy  Plane,  which  is  now  equijiped  with  80-lb.  rails  and 
standard  angle-plates,  which  are  fiill-sinked  at  the  slots,  on  properly 
spaced  joint  ties,  the  writer  is  informed  that  there  is  but  little,  if  any 
trouble,  experienced  from  rail  creeping;  what  little  there  is,  however, 
is  always  ujj  the  plane. 

In  1890  the  rails  on  all  these  jilane  tracks  were  of  the  68-lb.  or  lighter 
patterns,  with  plain  splices;  there  were  no  provisions  made  for  the 
prevention  of  longitudinal  movement :  and  the  trouble  from  ci*eeping 
was  constant  and  serious.  At  Mahanoy  and  Gordon,  the  cutting  out 
of  8  or  10  in.  of  rail  at  a  time  at  the  heads  of  planes  was  not  infrequent ; 
while,  at  Big  Mine  Kun,  daily  attention  to  the  stub  switches  at  its  foot 
was  a  necessity. 

After  the  substitution  of  point  switches  for  the  stubs  at  this  point, 
the  rails  would  buckle  about  150  ft.  beyond  the  foot  of  the  jjlane. 
With  some  degree  of  success,  it  was  sought  to  lessen  the  creeping  by 
I'eplacing  the  fish-plates  with  angle-bars,  spacing  the  joint  ties  and 
slot-spiking. 

The  ties  then  moved  with  the  ereei^ing  to  such  an  extent  as  to  in- 
terfere with  the  bearings  of  the  pulleys  under  the  hoisting  cables; 
and,  compelled  the  placing  of  timber  guard  rails  on  the  ties  to  correct 
this  diflSculty  and  to  prevent  additional  wear  on  the  ropes.  It  was  not 
until  the  heavier  rails  were  laid  that  the  present  satisfactory  condition 
was  attained.  The  rail  movement  on  these  j^lanes  is  nearly  equal  on 
both  rails,  from  which  it  would  appear  that  the  locomotives  are  respon- 
sible for,  or  influential  in,  the  greater  movement  of  the  right  rail  at 
other  points. 

At  all  the  locations  named,  there  has  always  been  more  or  less 
trouble,  and,  apart  from  them,  rail  creeijings,  while  doubtless  existent, 
are  not  perceptible  in  practice,  give  no  annoyance  and  may  be  consid- 
ered negligible. 

The  explanations  offered  for  the  instances  of  rail  creeping  herein 
described  and  drawn  from  the  attendant  conditions,  seemingly  justify 
the  theories  advanced  on  page  494. 

Attention  has  been  called  to  the  influence  of  each  one  of  the  eight 
at  one  or  more  of  the  locations  given,  and  the  falsity  of  Mr.  McDon- 
ald's proposition  that  "rails  always  creei^  down  grade,"  has  been 
proven.  The  actual  results  of  these  experiences  and  observations  are, 
in  any  event,  interesting,  and  the  writer  believes  he  can  no  more  fit- 
tingly terminate  this  discussion  than  by  their  recapitulation,  as 
follows: 

First. — Rail  creeping  is  invariably  in  the  direction  of  the  i^rei^on- 
derance  of  traffic,  regardless  of  grade. 

Second.  — It  is  greater  on  descending  grades. 
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IV/ird. — It  is  pjreatest  on  or  adjacent  to  long  bridges  and  trestles.       Mr.  Ward. 

Fourth. — There  is  a  more  pronounced  movement  on  the  high  rails  of 
curves. 

Fifth. — The  locomotive  is  a  factor  in  this  increased  movement. 

Sixth. — The  right  rail  creeps  about  50%"  more  than  the  left. 

Seventh. — Creeping  is  increased  by  speed  and  curvature. 

Eighth. — Compressibility  of  track  and  substructures,  while  active> 
is  not  an  influential  factor  in  creeping. 

Ninth.— Hv&ck  movement,  if  there  be  any,  in  a  direction  opposite  to 
that  of  the  volume  of  trade,  is  not  appreciable. 

Tenth. — Tie-j^lates  are  efficacious  in  its  elimination. 

Eleventh. — It  is,  on  solid  roadbeds,  practically  remediable. 

Twelfth.  — It  may  be  checked  on  bridges  or  trestles  by  some  such 
expedient  as  that  resorted  to  at  Kupert. 

CHAKiiES  Rupus  Hakte,  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — Mr.  Mr.  Harte. 
"Wagner's  paper  is  very  interesting,  and  is  a  valuable  contribution  to 
the  subject  of  rail  creep. 

It  may  be  questioned,  however,  if  the  author  has  not  neglected  one 
factor  of  considerable  imj^ortance,  namely,  exjiansion. 

As  pointed  out  by  Mr.  McDonald,  expansion  and  contraction  both 
tend  to  work  the  rails  down  grade,  regardless  of  traffic  direction. 
Track  repairs  in  sags,  j^articularly  in  the  case  of  the  average  country 
electric  railroad,  are  often  much  complicated  by  this  tendency  of  the 
steel  to  come  tlown  the  hill,  and  the  Avriter  has  known  of  several 
instances  where  such  movement  has  caused  serious  trouble. 

Comparison  of  creepings  on  single-  and  double-  track  lines  operating 
tinder  identical  conditions  would  at  once  show  to  what  extent  factors 
indejiendent  of  traffic  direction  affect  the  movement,  but  such 
comparisons  can  be  made  but  rarely. 

A  very  short  section  of  trackage  of  the  New  York,  New-  Haven  and 
Hartford  Railroad  at  New  Haven,  Conn.,  does  offer  in  part  such 
opportunity,  the  double-tracked  Hartford  Division  being  paralleled 
by  the  single  track  of  the  Northampton  Division.  Here  roadbed  condi- 
tions are  identical;  but  traffic  on  the  Hartford  Division  is  from  four  to 
five  times  as  heavy  as  that  on  the  Northampton  Division. 

In  the  hope  of  obtaining  information  of  value,  the  writer,  upon 
reading  Mr.  Wagner's  paper,  established  two  sets  of  ranges  across  the 
three  tracks,  and  three  other  sets  of  ranges  across  the  Hartford  Divi- 
sion tracks  only.  The  results  are  presented  in  Plate  XXXIV,  arranged 
in  the  form  of  Mr.  Wagner's  records  for  ease  of  comparison. 

The  "East  Cut,"  in  which  the  observations  were  taken,  from  Sta- 
tion 1  100  to  Station  1  124,  is  the  bed  of  the  old  New  Haven  and 
Northampton  Canal,  which  at  the  latter  point  turns  north,  carrying 
the  Northampton  track. 

From  Station   1  100  to   Station  1  119   the   base  of  rail  is   about  1 
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Mr.  Harte. 

K 

CO 

oc 

95 

'~^ 

•-^ 

» 

& 

f 

C 

i' 

o 

1 
5" 
a 

to 

g  = 

ts 

.§ 

; 

1      .    -  ^ 

— wJ"-.— - 

^■^'->.-- 

Center  o 
Curve  L 
1  000  ft.  1 

Center 

3° 30'  Cu 

Right,  (JOi 

long. 

©So 

a 

Up 

o  S^j 

> 

TO 
p 
B 

3  o 

BM  i-b 

BJ^    o 

0 

1        (ii  r-ro 

P^"' 

ij<)  Cos 

Oq  B'm 

r»- 

pP?2: 

s,?5!z! 

1 
1 

S-Wkj 

IK^ 

p 

^ 

^ 

'-'02' 

P 

-^a:- 

» 

C 

w 

p 

P 

' 

- 

' 

" 

< 

s 

—V— 

1                |J3 

•PS-M 

' 

' 

r 

' 

uspended, 
otted,  and 
iked  on  ties. 

o 
P 

« 

CO 

w 

5D 

o 

to 

■ 

Ml 

."■ 

t-ta 

r* 

Regular  Daily  Trains. 

t 

West  Bound. 

East  Bound, 

Passenger. 

Freight. 

Passenger. 

Freight. 

9^ 

3 

Hartford  Division 

37 

16 

37 

21 

Northampton  Division . . 

7 

7 

7 

7 

Hartford  Division  Only. 

Hartford  and  Northampto 
Divisions. 

a 

t 

> 

> 

> 

Al 
Sub 
Wat 
belo 

1 

95 

95 

^|?f 

a- 

o-Zp  = 

W 

o 
< 

o 

< 

ment       goo 
table  well  b 
torn  of  tie. 
ade,  fine  san 

ment       goo 
de.  fine  san 
able  but  liti 
ottom  of  tie 

g 
p 

1 

p.     a  a 

' 

1 

^^F-      1 

t-l 


O 

to 

B 

i-i 
Si 


> 
o 

a? 

S2)     O 
■       !z! 


d 
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ft.  below  extreme  high  water  in  New  Haven  Harbor;  the  combination  Mr.  Harte. 
of  a  heavy  rain  ou  a  flood  tide  often  floods  this  portion  of  the  cut  to, 
or  even  above,  the  top  of  rail,  and  at  all  times  the  sand  of  the  sub- 
grade  is  full  of  water.  Owing  to  the  extremely  limited  headroom,  the 
tracks,  up  to  Station  1  125,  are  laid  with  the  New  York,  New  Haven 
and  Hartford  Standard  78-lb.  rail,  the  suspended  joint  being  notched 
and  spiked  to  the  ties. 

From  Station  1  119  the  track  rises  to  the  east,  changing  at  Station 
1  125  from  78-lb.  to  100-lb.  rails  (also  New  York,  New  Haven  and 
Hartford  Standard),  and  having  the  same  type  of  joint  as  the  lighter 
rail.  This  section  is  well  drained.  The  entire  length  of  the  cut  is  in 
gravel  ballast.  Owing  to  the  imminence  of  extensive  improvements, 
this  trackage,  while  in  good  condition,  has  not  been  brought  up  to  the 
high  standard  of  the  main  lines  on  either  side. 

The  data  are  too  restricted,  both  in  quantity  and  in  extent  of  field, 
to  warrant  any  deductions  ;  they  are  presented  in  order  that  such 
actual  measurements  as  have  been  made  may  be  together.  Attention, 
however,  is  called  to  the  marked  differences  between  the  results  on 
the  Northampton  tracks  at  Stations  1  108  and  1  112,  only  400  ft.  apart. 

It  should  be  noted  that  the  Passenger  Station  is  at  Station  1  185, 
and  that  practically  all  trains  ai-e  accelerating  from  that  point  to  Avell 
beyond  Station  1  162. 

There  are,  in  addition  to  the  regular  trains,  from  50  to  200  extra 
freight?  daily  over  the  Hirtford  Division  tracks.  The  daily  traffic 
through  the  cut  averages  300  trains. 

Samuel,  Tobias  Wagner,  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  Mr.  Wagner, 
has  been  somewhat  disappointed,  but  not  altogether  surprised,  that 
the  discussion  has  brought  forth  so  few  similar  observations  by  other 
railway  systems  in  order  to  ascertain  in  a  fairly  scientific  manner  the 
conditions  which  cause  the  phenomenon  of  creeping  rails. 

The  discussion  of  Dr.  Dudley  would  seem  to  indicate  that  his  in- 
quiries in  behalf  of  the  International  Eailway  Congress  brought 
forth  but  few  similar  observations,  and  it  is  unfortunate  that  the 
limited  space  allowed  in  his  report  will  prevent  their  publication. 

It  would,  therefore,  seem  to  the  writer  that  Theodore  Voorhees, 
M.  Am.  Soc.  C.  E.,  First  Vice-President,  and  William  Hunter,  M.  Am. 
Soc.  C.  E.,  Chief  Engineer  of  the  Philadelphia  and  Keading  Railway 
Company,  are  to  be  congratulated  for  their  liberality  in  allowing  such 
a  full  set  of  observations  to  be  made. 

In  the  discussion  of  the  methods  used  Mr.  Tatnall  regrets  that  no 
effort  was  made  to  ascertain  the  amplitude  of  the  wave  motion  in  con- 
junction with  the  other  observations.  The  details,  as  to  the  data  to 
be  collected,  were  left  entirely  to  the  writer,  who  is  free  to  confess  that 
he  did  not  think  of  making  such  observations.  At  the  present  time, 
however,  he  is  at  a  loss  to  know  how  such  observations  could  have 
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Mr.  Wagner,  been  made  -without  the  expenditure  of  very  much  more  time  and 
money  than  was  allowed.  As  it  was,  the  time  occupied  was  consider- 
able, on  account  of  the  distance  between  the  several  stations,  and  it 
required  strenuous  work  to  accomplish  what  was  done  in  a  reasonable 
time.  The  writer  does  not  think  that  such  observations  would  have 
been  of  much  value  unless  they  could  have  been  taken  regularly  at 
each  station  occupied,  which  woiild  have  consumed  so  much  time  as 
to  make  it  practically  prohibitive.  As  it  is,  esjiecially  in  view  of  the 
discussion  which  has  been  brought  out,  it  is  to  be  regretted  that  more 
observations  were  not  taken  on  curves,  and  especially  on  bridges  and 
trestles,  in  which  case,  the  i*esults  would  have  been  much  more  com- 
plete. Many  of  the  instances  cited  in  the  discussion  were  either  on 
bridges  or  trestles,  and  most  of  them  are  of  great  interest. 

After  selecting  the  various  branches  of  the  system  because  they 
represented  difi'erent  types  of  grades,  speed  and  traffic,  the  detailed  lo- 
cations of  the  points  of  observation  were  generally  selected  with  the 
desire  to  note  points  at  the  top  and  bottom  of  the  maximum  grades, 
in  order  to  ascei-tain  the  eft'ect  of  the  grades  upon  the  creeping  under 
each  kind  of  speed  and  traffic.  The  discussion  of  Mr.  Ward  with  special 
reference  to  the  motion  on  the  Mahanoy  Plane,  which  is  an  extreme  exag- 
geration uj^on  the  effect  of  grades,  seems  to  aid  materially  in  the  con- 
firmation of  the  fact  that  the  greatest  motion  is  in  the  direction  of  the 
heaviest  traffic,  irrespective  of  the  grades.  This  fact  seems  to  be 
agreed  to  by  Mr.  Lindenthal,  Mr.  Camp  and  Mr.  Stevens.  A  majority 
of  the  writer's  observations  also  tends  to  confirm  it. 

Mr.  Ward  calls  attention  to  a  point  on  the  Shamokin  Division, 
south  of  Locust  Dale  Junction,  where  creeping  is  especially  noticed 
by  the  section  foreman.  This  point  is  on  some  sharp  curves,  a  few 
hundred  feet  south  of  the  observation  station  of  "Locust  Dale  Junc- 
tion," and  where  no  special  creeping  was  noted.  After  a  number  of 
observations  had  been  made  at  this  point,  the  writer's  attention  was 
called  to  this  fact  by  the  section  foreman.  It  is  illustrative  of  the 
extreme  local  action  of  creeping  in  many  places. 

The  question  of  the  relative  movement  of  the  right  and  left  rails 
has  been  brought  up  very  strongly  by  Mr.  Ward,  who  comes  to  the 
conclusion  that  the  greatest  motion  is  generally  in  the  right  rail,  and 
that  it  creeps  50^,(  more  than  the  left.  The  observations  in  the  papei' 
are  not  conclusive  on  this  point,  although  at  the  points  of  greatest 
movement,  viz.,  "  Bethayres  "  on  the  New  York  Branch,  and  "Broad 
Mountain  "  and  "  Head  of  Grade  "  on  the  Frackville  Branch,  a  greater 
movement  of  the  right  rail  is  shown.  On  the  other  hand,  at  Pleasant- 
ville,  on  the  Atlantic  City  Railroad,  the  left  rail  moved  more  than  the 
right.  As  all  these  observations  were  on  doiible  track,  and,  there- 
fore, on  the  outside  rail,  the  jjossibility  of  the  greater  movement 
being  caused  by  the  ties  being  less  firmly  held  on  the  outside  of  the 
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roadbed,  ai-ises,  and  is  interesting.     Wlierever  there  is  much  move-  Mr.  Wagner, 
ment  of  the  rail,  it  is  always  indicated  to  a  greater  or  less  extent  by 
the  "bunching  "  of  the  ties,  Mr.  Camp  calls  attention*  also  to  the  fact 
that : 

"  Track  inspection  apjiaratus  Avhich  measures  rail  deflection,  show- 
that  almost  invariably  the  rails  on  the  outside  of  double  track  are 
subject  to  greater  average  deflection  per  mile  than  the  inner  rails." 

Mr.  Ward's  record  of  the  creeiiing  of  the  right  rail  in  excess  of  the 
left  on  the  Williamsport  trestle  is  interesting,  and  seems  to  have  no 
explanation  based  on  any  of  the  theories  just  mentioned.  At  the 
biidge  at  Rupert,  where  the  same  thing  occurred,  it  can  be  readily 
accounted  for  by  the  presence  of  the  derailing  switch? 

That  a  very  large  proportion  of  the  movements  recorded  in  the 
observations  of  the  paper,  especially  where  they  do  not  indicate  a  con- 
secutive continuous  movement,  are  due  to  expansion  and  contraction, 
s  the  opinion  of  the  writer,  and  this  view  seems  to  be  held  by  most  of 
those  who  have  discussed  the  paper.  The  measurements  which  were 
made  longitudinally  across  the  rail  joints  w^ere  for  the  purpose  of 
determining  this  question,  and,  in  the  majority  of  the  cases,  show  that 
where  these  slight  differences  occur  there  is  some  movement  in  the 
joints.  Even  Avhere  the  splice-plates  were  bolted  so  tightly  that 
expansion  and  contraction  could  not  take  place  at  the  joint  observed, 
it  probably  did  some  little  distance  away.  The  variations  of  temi)er- 
ature  between  the  several  observations  were  quite  great  in  many  cases, 
and  would  readily  account  for  the  slight  movements  recorded. 

The  observations  made  by  Mr.  Harte  are  interesting,  and  aiford  easy 
comparison  with  the  writer's  tables.  The  fact  of  being  able  to  make 
a  comparison  between  single-  and  double-  track  lines  is  unusual, 
and  seems  to  confirm  the  fact  that  movement  on  single-track  lines  is 
not  likely  to  be  troublesome.  Mr.  Harte's  observations  also  show 
very  clearly  that  the  movement  is  in  the  direction  of  the  traffic,  inde- 
pendent of  the  grades,  although  the  grades  in  his  case  are  light. 
The  amount  of  the  movement  on  the  double-track  line  is  quite  notice- 
able, but  is  iJ'.-obably  caused  by  two  conditions:  First,  the  character 
of  the  subgrade  at  Stations  1  108  and  1  112,  and,  second,  the  trackage, 
while  in  good  condition,  is  not  up  to  the  standard  at  other  points  of 
the  line.  While  it  is  probably  unwise  to  attempt  to  draw  too  many 
conclusions  from  a  few  observations,  the  writer  feels  that  the  differ- 
ence in  the  movements  between  that  at  Stations  1  108  and  1  112,  where 
78-lb.  rails  were  used,  and  that  at  Stations  1  125  -f-  DO,  1  14t)  +  75  and 
1  162,  where  lOO-lb.  rails  were  in  the  track,  may  in  some  measure  be 
due  to  the  weight  of  the  rails. 

The  discussion  has  brought  out  very  clearly  the  fact  that  the  wave 
motion   of  the   track,    before  and   under   the  passing  train,  is  not  a 

*  "  Notes  on  Track  Construction  and  Maintenance,"'  p.  588. 
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Mr.  Wagner,  universally  accei^ted  theory  of  the  creeping  of  rails.  Mr.  Lindenthal 
makes  a  very  strong  argument  in  favor  of  the  creeping  being  caused  by 
the  rolling  friction  of  the  wheels  on  the  rails  and  the  dynamic  efifect 
of  the  blow  of  the  rapidly  revolving  wheels  on  the  rail  caused  by  the 
irregularities  of  the  track,  and  states  that  if  a  track  were  built  which 
could  not  be  subject  to  wave  motion  that  there  would  still  be  creeping 
of  the  rails,  although  at  a  diminished  rate.  Mr.  Ward  comes  to  prac- 
tically the  same  conclusion  when  in  his  summary  he  states:  "Com- 
pressibility of  track  and  substructures,  while  active,  is  not  an  influen- 
tial factor  in  creejiing. "     And  at  another  point  he  says: 

"The  writer  is  not  inclined  to  look  upon  ti-ack  conditions  or  the 
compressibility  of  super-  or  sub-structures  as  important  factors  in  the 
disturbance;  and,  is  satisfied  that  volume  and  direction  of  traffic, 
speed  of  trains,  increased  rolling  friction  and  curvature  are  alone  con- 
tributory to  the  rail  movement." 

The  wave  theory  is  generally  held  by  the  others  as  the  jsrimary 
cause,  and  the  writer  believes  it  to  be  the  controlling  factor,  from  a 
practical  standpoint,  although  the  arguments  advanced  by  Mr.  Lin- 
denthal are  certainly  very  strong,  especially  when  applied  to  locations 
where  creeping  occurs,  and  where  the  wave  motion  cannot  be  very 
great. 

If  we  conceive  a  train  passing  over  a  line  of  rails  free  to  move  ver- 
tically, so  that  vertical  wave  motion  is  possible,  it  is  easy  to  believe 
that  were  there  no  rolling  friction  or  other  dynamic  action  tending  to 
move  the  rails  longitudinally,  that  after  the  passage  of  the  train  the 
rail  would  come  to  rest  in  its  original  position,  or  even  if  it  had  moved 
longitudinally,  it  might  settle  into  a  position  which  would  be  opposite 
to  the  direction  of  the  passing  train.  All  the  evidence,  however, 
goes  to  prove  that  the  resultant  motion  is  in  the  direction  of  the  train, 
and  that  its  extent  depends  largely  upon  the  velocity.  Even  with  the 
action  of  gravity  against  it,  as  in  the  case  of  the  Mahanoy  Plane,  men- 
tioned by  Mr.  Ward,  with  its  grade  of  17/^,  the  resultant  movement 
is  up  the  grade  in  the  direction  of  the  heaviest  traffic.  It  would  seem, 
therefore,  that  with  the  rail  in  a  condition  where  it  is  free  to  move,  its 
movement  is  directed  by  the  rolling  friction  or  other  dynamic  forces 
present;  but,  eliminate  the  possibility  of  wave  motion,  and  the  creejD- 
ing  is  practically  negligible,  while,  theoretically,  it  is  present  to  a 
small  extent;  so  that  while  it  is  probable  that  the  directing  action  is 
the  friction,  etc.,  they  are  of  no  practical  moment  if  the  condition  of 
the  roadbed,  the  weight  of  the  rail  and  the  character  of  the  fastening 
are  such  as  to  prevent  an  abnormal  wave  motion  of  the  rail  under  the 
passing  train. 

It  would  seem  that  both  Mr,  Lindenthal  and  Mr.  Ward  base  a  con- 
siderable jjart  of  their  argument  on  the  movement  of  the  rail  on  bridges 
and  similar  structures,  and,  at  first  sight,  it  would  seem  that  when 
the  rail  does  move,  under  such  circumstances,  it  must  be  due  to  the 
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causes  mentioned  by  them.  The  writer,  however,  feels  that,  in  con-  Mr.  Wagner, 
sideriug  snch  cases,  dne  allowance  miist  be  made  for  the  fact  that, 
generally,  the  rail  is  in  a  condition  in  which  it  is  much  more  free  to 
move  longitudinally  than  when  on  the  ordinary  roadbed,  on  account 
of  the  difficulty  of  spiking  through  the  slots  in  the  splice-bars.  Neither 
Mr.  Ward  nor  Mr.  Lindenthal  gives  any  accurate  figures  for  the  ci'eep- 
ing  on  these  structures  of  the  more  substantial  sort,  but  it  is  evident 
that  the  rails  do  move  materially.  In  Mr.  "Ward's  cases,  special  ref- 
erence is  made  to  the  Catawissa  trestles,  which  are  very  substantial 
steel-deck  structures  of  recent  construction  and  the  best  modern  de- 
sign, with  the  girders  spaced  at  9  ft.  centers  and  with  a  standard 
wooden  floor,  and  the  writer  feels  that  under  these  circumstances  there 
must  necessarily  be  sufficient  wave  motion  caused  by  the  deflection  of 
the  ties  to  amplify  the  movement  in  the  direction  of  the  traffic,  as 
explained  above. 

Mr.  Lindenthal,  Mr.  Stevens  and  Mr.  Ward  call  si^ecial  attention 
to  the  increased  creeping  of  the  outer  rail  on  curves.  That  this  is 
caused  by  the  friction  of  the  wheels  against  the  outer  rail  is  evident 
by  the  examination  of  the  condition  of  any  such  rail  in  the  track,  and 
needs  no  fiirther  comment. 

The  troubles  mentioned  by  Mr.  Ward  on  the  Shamokiu,  Sunbury 
and  Lewisburg  Railroad  are  extremely  interesting,  where,  with  the 
light  rail,  great  numbers  of  "  Dutchmen  "  and  imperfect  track,  the  rail 
movement  was  dangerous.  This  trouble  was  eliminated  by  the  intro- 
duction of  heavier  rails  and  the  improvement  of  the  track  as  a  whole. 
All  the  evidence  seems  to  point  to  the  fact  that  as  heavier  rails,  better 
drainage  of  the  roadbed,  better  ballast  and  better  care  of  the  track 
are  introduced,  the  phenonenon  of  creeping  is  reduced  so  much  that 
it  attracts  but  little  notice.  The  writer's  attention  was  especially 
called  to  this  fact,  on  those  divisions  of  the  system  which  had  the 
highest  standard  of  excellence  in  the  roadbed,  that  very  little  infor- 
mation was  to  be  obtained  regarding  creei)ing,  in  spite  of  the  fact  that 
on  nearly  all  such  divisions  the  traffic  was  the  heaviest  on  the  system, 
and  that  on  all  of  them  the  speed  was  the  highest.  And,  as  all  such 
divisions  were  double-tracked,  these  conditions  should  have  produced 
creeping  of  a  noticeable  amount,  as  it  appears  that  where  creeping 
does  occur  it  is  jDractically  irresistible. 
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GEORGE  CURTIS  TINGLEY,  M.  Am.  Soc.  C.  E.=< 


Died  Apbil  30th,  1904. 


George  Curtis  Tingley  was  born  in  Windham,  Connecticut,  on 
January  28tb,  1831,  and  died  73  years  later,  April  30tb,  1904,  at  his 
home  in  Providence,  Rhode  Island. 

His  early  education  was  obtained  at  the  South  Windham  Academy, 
and  in  1848  he  entered  Trinity  College,  Hartford,  graduating  with  the 
class  of  1852.  With  the  exception  of  a  few  years  immediately  after 
completing  his  education,  during  which  time  he  was  engaged  partly 
in  teaching  school,  and  partly  in  mercantile  piirsiiits,  his  entire  life 
was  devoted  to  his  j^rofession  of  engineering. 

He  was  Assistant  Engineer  on  the  location  and  construction  of  the 
Hartford,  Providence  and  Fishkill  Railroad,  between  Hartford  and 
Providence  (now  a  i^art  of  the  New  York,  New  Haven  and  Hartford 
Railway  System). 

About  1860  he  entered  the  office  of  the  late  Samuel  B.  Gushing, 
Sr. .  M.  Am.  Soc.  C.  E.,  who  was  at  that  time  the  leading  engineer  of 
Rhode  Island,  and  his  connection  with  this  office  was  maintained, 
in  one  capacity  or  another,  for  a  period  of  thirty -three  years. 

For  the  fii'st  few  years  of  his  connection  with  the  office,  the  firm 
name  was  Cushing  and  DeWitt,  and  upon  the  retirement  of  Mr. 
DeWitt,  Mr.  Tingley  succeeded  to  his  branch  of  the  business,  which 
carried  with  it  the  construction  of  the  street  railroad,  at  that  time  in 
its  early  stages  of  operation,  and  all  the  work  then  being  done  for  the 
great  manufacturing  firm  of  -A.  and  W.  Spragiie.  About  1871  the 
firm  of  Cushing  and  Company  was  formed,  which  consisted  of  S.  B. 
Cushing,  the  elder,  his  son,  S.  B.  Cushing,  Jr.,  George  C.  Tingley, 
and  Col.  J.  Albert  Monroe,  all  at  that  time  or  later  Members  of  the 
American  Society  of  Civil  Engineers.  This  firm  was  dissolved  by  the 
retirement  of  Col.  Monroe  and  the  subsequent  death  of  the  elder  Mr. 
Cushing  in  1873,  after  which  time  it  became  S.  B.  Cushing  and  Com- 
pany, composed  of  the  younger  Mr.  Cushing  and  Mr.  Tingley,  and  so 
continued  until  the  death  of  Mr.  Cushing  in  1888,  when  Mr.  Tingley 
conducted  the  business  alone  until  his  retirement  from  private  jn-ac- 
tice  in  1892. 

*  Memoir  prepared  by  John  W.  Ellis.  AV.  H.  G.  Temple,   Herbert  E.  Sherman  and 
Richard  H.  Tingley,  Members,  Am.  Soc.  C.  R. 
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lu  1892  Mr.  Tingley  was  chosen  Chief  Engineer  of  the  Union  Rail- 
road (now  the  Rhode  Island  Comijany),  of  Providence,  and  retained 
that  position  until  his  retirement  from  actual  business  in  1901.  Mr. 
Tiugley's  connection  with  the  engineering  of  the  Union  Railroad  was 
a  long  and  active  one,  covering  a  period  of  more  than  forty  years  from 
the  time  of  the  establishment  of  the  first  horse  car  lines  in  Provi- 
dence to  the  date  of  his  retirement  from  practice. 

During  the  period  of  Mr.  Tingley's  long  and  successful  private 
practice  of  engineering,  many  important  works  were  designed  and 
constructed  by  him,  his  chief  attention  being  given  to  heavy  foun- 
dation and  bridge  work,  and  to  railway  engineering.  From  his  office 
have  graduated  a  long  list  of  engineers,  Elmer  L.  Corthell,  Desmond 
FitzGerald,  Henry  W.  Parkhurst,  Herbert  E.  Sherman,  William 
H.  G.  Temple,  Richard  H.  Tingley,  all  Members  of  the  American  So- 
ciety of  Civil  Engineers,  besides  a  large  number  of  others,  successful 
engineers,  not  members  of  this  Society. 

Mr.  Tingley  was  married  twice.  First,  in  1853,  to  Georgianna 
Sage,  of  Hartford.  Four  children  survive  this  marriage:  Pauline  E. 
Tingley,  of  Providence,  Richard  H.  Tingley,  of  New  York,  Mrs.  Wm. 
D.  Livermore,  of  Lawrence,  Massachusetts,  and  Ernest  DeW.  Ting- 
ley, of  New  Haven,  Connecticut.  His  second  marriage  was  with 
Elizabeth  Vaughan  Polleys.  Mr.  Tingley  had  been  a  widower  for 
five  years  prior  to  his  death. 

Mr.  Tingley's  entire  life  from  early  manhood  to  ripe  old  age  was 
crowded  with  active  responsibilities  fully  equal  to  those  which  fall  to 
the  average  man.  These  he  met  and  discharged  with  the  highest 
ability  and  integrity,  yet  in  the  midst  of  these  crowded  duties  he  still 
found  time  for  the  exercise  of  a  benevolence  and  charity  rarely 
cqualldd  in  its  usefulness. 

Gentle,  noble  and  kind,  he  has  left  the  most  endearing  memories 
with  all  who  knew  him. 

Mr.  Tingley  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  September  6th,  1871. 
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